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Breaking up a log jam 

An error of omission converted 
an accurate logarithmic amplifi¬ 
er into a hard limiter in Jim 
Williams’ humidity-measure¬ 
ment circuit (EDN, June 5, pg 
149). If you’ve wondered where 
the range went, try adding a 
2-kn resistor as sho'v^m; it will 
unjam the amp. 
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A few proven techniques 
ease sine-wove-generotor design 

Perhaps the most fundamental of all signals, sine waves 
present generating-circuit design tasks that are anything but 
fundamental. Next time you design such a circuit—whether it’s for 
1 Hz or 1 MHz-Hry one of the techniques described here. 


Jim Williams, National Semiconductor Corp 

Because sine-wave oscillators come in as many forms as 
the units that use them, choosing the best circuit type 
and implementation for an application can prove 
difficult. This article, however, helps simplify those 
choices and furnishes guidelines for controlling critical 


design specs such as frequency, amplitude and 
distortion. 

You can apply many analog and digital techniques to 
achieve your sine-wave-generator design goals; each 
realization offers unique strengths and weaknesses. 
You’ll probably find that one of those listed in the table 
will meet your requirements. The specific circuit 


SINE-WAVE-GENERATION TECHNIQUES 


TYPE 

TYPICAL 

FREQUENCY 

RANGE 

TYPICAL 

DISTORTION 

(%) 

TYPICAL 

AMPLITUDE 

STABILITY 

(%) 

COMMENTS 

PHASE SHIFT 

10 Hz-1 MHz 

1-3 

3 (TIGHTER 
WITH SERVO 
CONTROL) 

SIMPLE, INEXPENSIVE TECHNIQUE. EASILY AMPLITUDE SERVO 
CONTROLLED. RESISTIVELY TUNABLE OVER 2:1 RANGE WITH 
LITTLE TROUBLE. GOOD CHOICE FOR COST-SENSITIVE, 
MODERATE-PERFORMANCE APPLICATIONS. QUICK STARTING 

AND SETTLING. 

WEIN BRIDGE 

1 Hz-1 MHz 

0.01 

1 

EXTREMELY LOW DISTRORTiON. EXCELLENT FOR HIGH-GRADE 
INSTRUMENTATION AND AUDIO APPLICATIONS. RELATIVELY 
DIFFICULT TO TUNE—REQUIRES DUAL VARIABLE RESISTOR 

WITH GOOD TRACKING. TAKES CONSIDERABLE TIME TO SETTLE 
AFTER A STEP CHANGE IN FREQUENCY OR AMPLITUDE. 

LC 

NEGATIVE 

RESISTANCE 

1 kHz-10 MHz 

1-3 

3 

DIFFICULTTO TUNEOVERWIDE RANGES. HIGHERQTHAN RC 
TYPES. QUICK STARTING AND EASY TO OPERATE IN HIGH 
FREQUENCY RANGES. 

TUNING FORK 

60 Hz-3 kHz 

0.25 

0.1 

FREQUENCY-STABLE OVER WIDE RANGES OF TEMPERATURE 

AND SUPPLY VOLTAGE. RELATIVELY UNAFFECTED BY SEVERE 
SHOCK OR VIBRATION. BASICALLY LINTUNABLE. 

CRYSTAL 

30 kHz-200 MHz 

0.1 

1 

HIGHEST FREQUENCY STABILITY. ONLY SLIGHT (PPM) TUNING 
POSSIBLE. FRAGILE 

TRIANGLE- 
DRIVEN BREAK¬ 
POINT SHAPER 

<1 Hz-500 kHz 

1-2 

1 

WIDE.TUNING RANGE POSSIBLE WITH QUICK SETTLING TO 

NEW FREQUENCY OR AMPLITUDE. 

TRIANGLE- 

DRIVEN 

LOGARITHMIC 

SHAPER 

<1 Hz-500 kHz 

0.3 

0.25 

WIDE TUNING RANGE WITH QUICK SETTLING TO NEW 

FREQUENCY OR AMPLITUDE. TRIANGLE AND SQUARE WAVE 

ALSO AVAILABLE. EXCELLENT CHOICE FOR GENERAL-PURPOSE 
REQUIREMENTS NEEDING FREQUENCY-SWEEP CAPABILITY 

WITH LOW-DISTORTION OUTPUT. 

DACDRIVEN 

LOGARITHMIC 

SHAPER 

<1 Hz-500 kHz 

0.3 

0.25 

SIMILAR TO ABOVE BUT DAC-GENERATED TRIANGLE WAVE 
GENERALLY EASIER TO AMPLITUDE-STABILIZE OR VARY. ALSO, 
DAC CAN BE ADDRESSED BY COUNTERS SYNCHRONIZED TO A 
MASTER SYSTEM CLOCK. 

ROM-DRIVEN 

DAC 

1 Hz-20 MHz 

0.1 

0.01 

POWERFUL DIGITAL TECHNIQUE THAT YIELDS FAST AMPLITUDE 
AND FREQUENCY SLEWING WITH LITTLE DYNAMIC ERROR 

CHIEF DETRIMENTS ARE REQUIREMENT FOR HIGH-SPEED 

CLOCK (EG, 8-BIT DAC REQUIRES A CLOCK THAT IS 256 x 

OUTPUT SINE-WAVE FREQUENCY) AND DAC GLITCHING & 
SETTLING, WHICH WILL INTRODUCE SIGNIFICANT DISTORTION 

AS OUTPUT FREQUENCY INCREASES. 


EDN NOVEMBER 20, 1980 


143 


















1-IC Wein-bridge oscillators 
provide low-distortion signals 


examples presented in this article, implementing the 
design techniques summarized in the table, demon¬ 
strate how easy it is to design a sine-wave source and 
achieve the kind of performance you need. 

Phase-shift oscillators operate simply 

Fig 1 depicts a 1-IC, 1 -supply, amplitude-stabilized, 
phase-shift sine-wave oscillator. The LM389 audio¬ 
power-amplifier package contains the three discrete 
npn transistors shown (Qi through Q3) in addition to the 
amplifier. Q2 and the RC network constitute a 
phase-shift configuration that oscillates at about 12 
kHz. The remaining circuitry provides amplitude 
stability. 

The high-impedance output at Q 2 's collector drives 
the LM389 amplifier's input via the 10 -|xF, l-MO series 
network; the l-MO resistor, in combination with the 
LM389 amplifier's internal 50-kfl resistance, divides 
Q 2 's output by 20 —necessary because the amplifier has 
a fixed gain of 20. In this manner, the amplifier 
functions as a unity-gain current buffer capable of 
driving an 8 ft load. 

The amplifier's positive output peaks are rectified 
and stored in the 5-|xF capacitor, and the resulting 
potential then feeds to Qa's base. As a result, Qa's 
collector current varies with the difference between its 
base and emitter voltages. Because the LM313 1.2V 
reference fixes the emitter voltage, Q 3 performs a 
comparison function and utilizes its collector current to 
modulate Q/s base voltage. Qi (an emitter follower) 
provides servo-controlled drive to the Q 2 oscillator. 



Fig 1—Phase-shift sine-wave osciiiators combine simplici¬ 
ty with versatility. This 12-kHz design can deliver 5V p-p to 
the dil load with about 2% distortion. 


=0 


430 



(a) 


0.068mF 



(b) T 

Fig 2—A basic Wein-bridge design (a) employs a lamp’s 
positive temperature coefficient to achieve amplitude stabili¬ 
ty. A more complex version (b) provides the same feature 
with the additional advantage of loop time-constant control. 


Note that you can realize an amplitude-control 
function with this circuit if you open Qa's emitter and 
drive it with an external voltage. The LM389 output 
can deliver 5V p-p (1.75V rms) into an 8 ft load with 
about 2 % distortion. A ±3V power-supply variation 
causes less than ±0.1-dB amplitude shift at the output. 

A Wein bridge yields low distortion 

In many applications, a phase-shift oscillator's 
distortion levels become unacceptable. A Wein bridge, 
however, can provide very low distortion levels. With 
this configuration, stable oscillation can occur only if 
loop gain remains at unity at the oscillation frequency. 
The circuit depicted in Fig 2a achieves this control by 
using a small lamp's positive temperature coefficient to 
regulate gain as the oscillator output attempts to 
vary—a classic technique for achieving low distortion 
that's been used by numerous circuit designers 
(including William Hewlett and David Packard, who 
built a few of this type of circuit in a Palo Alto garage 
about 40 yrs ago). The smooth limiting action of the 
bulb, in combination with the Wein network's near-ideal 
characteristics, yields very high performance. 

The circuit shown in Fig 2b indicates how an 
electronic equivalent of a light bulb can also control loop 
gain. The zener diode determines output amplitude. 
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and the 1-MH/2.2-|jlF combination sets the loop time 
constant. The 2N3819 FET, biased by the voltage 
across the 2.2-|xF capacitor, controls ac loop gain by 
shunting the oscillator’s feedback path. This circuit is 
more complex than the one diagrammed in Fig 2a, but 
it offers a way to control the loop time constant while 
maintaining almost the same distortion performance. 

Fig 3 shows the performance of the Fig 2a circuit. 
The upper trace is the oscillator’s output, and the 
middle trace shows that waveform’s downward slope, 
greatly expanded. The slight aberration in the latter 
results from crossover distortion in the FET-input 
LF155, distortion almost totally responsible for the 
design’s measured 0.01% distortion level. A distortion 
analyzer’s output appears in the bottom trace. 

You can achieve high voltages, too 

Another dimension in sine-wave-oscillator design is 
stable amplitude control. In Fig 4’s oscillator version, 
not only does servo control stabilize the amplitude, but 
the servo loop includes voltage gain. 

The circuit’s ability to produce a lOOV rms output 
stabilized to 0.025% demonstrates the technique’s 
value. Although complex in appearance, the circuit 
requires only three IC packages. An LS-52 audio 
transformer provides voltage gain within a tightly 
controlled servo loop, and the LM3900 Norton aniplifi- 
ers constitute a 1-kHz amplitude-controllable oscillator. 
The LH0002 buffer furnishes low-impedance drive to 
the transformer. By driving the transformer’s secon¬ 
dary and taking the ouput from the primary, the circuit 
achieves a voltage gain of 100 . 


100k 



Fig 4—Generate high-voltage sine waves using IC-ba$ed circuits by driving a transformer in a step-up mode. You can reaiize 
digital amplitude control by replacing the LM329 voltage reference with the DAC12B7. 






TRACE 

VERTICAL 

HORIZONTAL 

TOP 

10V/DIV 

10 mSEC/DIV 

MIDDLE 

1V/DIV 

500 NSEC/DIV 

BOTTOM 

0.5V/DIV 

500 NSEC/DIV 


Fig 3—Low-distortion output (top trace) is a Wein-bridge- 
oscillator feature. The very low crossover-distortion level 
(middle) results from the LF155’s output stage. A distortion 
analyzer’s-output signal (bottom) indicates this design's 
0.01% distortion level. 


A current-sensitive negative-absolute-value 
amplifier—composed of two amplifiers in an LF347 
quad—generates a negative, rectified feedback signal. 
The third LF347 amplifier (A 7 ) compares this signal 
with the LM329 dc reference and amplifies the 
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Combining Ls, Cs and a few iCs 
yieids high-stabiiity sine waves 


difference at a gain of 100. The lO-jxF feedback 
capacitor sets the loop's frequency response. This 
stage's output controls the amplitude of the LM3900 
oscillator, thereby closing the loop. 

As shown, the circuit oscillates at 1 kHz with less 
than 0.1% distortion for a lOOV rms (285V p-p) output. 
If you replace the summing resistors from the LM329 
with a potentiometer, you can adjust the loop to remain 
stable for output settings ranging from 3 to 190V rms 


(542V p-p) with no frequency change. And if a DAC1287 
D/A converter replaces the LM329 reference, a digital 
input code can control the ac output voltage with 3 -digit 
calibrated accuracy. 

Combine L, C and negative R for stability 

All of the circuits presented so far rely on RC time 
constants to achieve resonance. But LC combinations 
can also serve and offer good frequency stability, high 
Q and fast starting. 

A negative-resistance LC sine-wave oscillator ap¬ 
pears in Fig 5, for example. The Qi, Q 2 pair provides a 
15-p,A current source; Q 2 's collector current in turn sets 
Qa's peak collector current. The 300fl pot and the Q 4 , Q 5 



SINE- 
I WAVE 
OUTPUT 


Fig 5—LC sine-wave sources offer high stability and reasonable distortion levels. Transistors Q^ through O 5 implement a 
negative-resistance amplifier. The LM329, LF353 combination eliminates power-supply dependence. 



SINE- 
> WAVE 
OUTPUT 


Fig 6 —^Tuning-fork-based osciilators don’t inherently produce sinusoidal outputs. But when you do use them for this purpose, you 
achieve maximum stability when the oscillator stage (O 1 , Q 2 ) limits. O 3 and O 4 provide a TTL-compatible signal, which O 5 then 
converts to a sine wave. 
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LM394 matched pair accomplish a voltage-to-current 
conversion that decreases Qa’s base current when this 
transistor’s collector voltage rises—a process that 
furnishes the negative-resistance characteristic that 
permits oscillation. 

The LC circuit in the Q 3 , Q 5 collector line determines 
the oscillator circuit’s operating frequency, and the 
LF353 FET amplifier provides gain and buffering. An 
LM329 zener diode and LF353 unity-gain follower 
eliminate power-supply dependence. This circuit starts 
quickly, and distortion remains within 1.5%. 

Tuning forks offer another approach 

Although oscillators for many applications can rely on 
combinations of passive components—^whether RC or 
LC—to achieve resonance at the oscillation frequency, 
some circuits must utilize inherently resonant elements 
to achieve very high frequency stability. Such oscilla¬ 
tors can generate stable low-frequency outputs under 
high-mechanical-shock conditions that would fracture 
quartz crystals. 

In Fig 6 ’s circuit, for instance, a tuning fork works in 
a feedback loop with one of the transistors (Q 2 ) in an 
LM3045 array to achieve a stable 1 -kHz output. 
Zener-connected Qi performs a combined reference and 
signal-limiting function. And because the oscillator is 
allowed to limit—a conventional technique in fork 
designs—it doesn’t require amplitude stabilization. Q 3 
and Q 4 speed up the oscillator’s signal edges and furnish 
a TTL-compatible output level. Emitter follower Q 5 
then drives an LC filter to produce a sine-wave output. 

Fig 7 shows the circuit’s TTL and sine-wave outputs. 
The 0.7% sine-wave distortion displayed in the bottom 
trace is a distortion analyzer’s output signal. 

Quartz crystals furnish high-frequency stability 

If an application demands high-frequency stability— 
higher than a tuning-fork circuit can deliver—^in the 
face of changing power-supply and temperature 
parameters, try a quartz-crystal oscillator. Fig 8 a 
shows a simple example of a 100-kHz crystal 
oscillator—a Colpitts-class circuit that improves stabili¬ 
ty by using a JFET for low crystal loading. Voltage 
regulation eliminates the small effects (less than 5 ppm 
for a 20% shift) introduced by supply variations. And 
shunting the crystal with small-value capacitors allows 
very fine frequency trimming. 

Crystals typically drift less than 1 ppm/°C, and 
temperature-controlled ovens can eliminate even this 
variation (Fig 8 b). The RC feedback values depend 
upon the thermal time constants of the oven used; the 
values shown are typical. Set oven temperature to 
coincide with the crystal’s zero temperature coefficient 
or * turning-point” temperature, which the manufactur¬ 
er specifies. 

An alternative to temperature control (Fig 8 c) places 
a varactor diode across the crystal. The varactor 
receives its bias via a temperature-dependent voltage 
from a circuit similar to the one shown in Fig 8 b but 
without the output transistor. As ambient temperature 



TRACE 

VERTICAL 

HORIZONTAL 

TOP 

5V/DIV 


MIDDLE 

50V/DiV 

500 /iSEC/DIV 

BOTTOM 

0.2V/DIV 



Fig 7—^Various output levels are provided by the tuning- 
fork oscillator shown in Fig 6 . This design easily produces a 
TTL-compatible signal (top trace) because the oscillator is 
allowed to limit. Low-pass filtering this square wave 
generates a sine wave (middle). The oscillator's 0.7% 
distortion level is indicated (bottom) by an analyzer's output. 


(a) 


(b) 


(c) 

Fig 8—Stable quartz-crystal oscillators can operate with a 
single active device (a). You can achieve maximum 
frequency stability by mounting the oscillator in an oven and 
using a temperature-controlling circuit (b). A varactor 
network (c) can also accomplish crystal fine tuning. Here, the 
varactor replaces the oven and retunes the crystal by 
changing its load capacitances. 


4,7k 
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Quartz-crystal-bas^ oscillators 
permit fine frequency trimming 


varies, the circuit changes the voltage across the 
varactor, which in turn changes its capacitance. This 
capacitance shift trims the oscillator frequency. 

Approximate sine waves 

With the exception of the tuning-fork design, all of 
the preceding circuits operate as inherent sine-wave 
generators: Their normal operating mode supports and 
maintains a sinusoidal characteristic. Another oscillator 
class consists of circuits that approximate the sine 
function using a variety of techniques—usually a more 
complex approach but one that offers increased 
versatility in controlling amplitude and oscillation 
frequency. The adaptability of digital controls to these 
circuit types has markedly increased their popularity. 

As an example. Fig 9 diagrams a circuit that shapes a 
20 V p-p triangle-wave input into a sine-wave output. 
The two amplifiers in the center of the circuit establish 
stable bias potentials for the diode shaping network, 
which operates by turning individual diodes on or off 
depending upon the input triangle's amplitude. This 
action changes the output amplifier's gain and gives the 
circuit its characteristic nonlinear, shaped-output 
response. The values of the resistors associated with 
the diodes determine the shaped waveform's appear¬ 
ance. And note that individual diodes in the dc-bias 
circuitry provide first-order temperature compensation 
for the shaper diodes. 

Fig lO depicts the circuit's performance. Trace A is 
the filtered output (note the 1000-pF capacitor across 
the Fig 9 circuit's output amplifier), and trace B shows 
the waveform with no filtering. In B, you can barely 


detect a breakpoint at the top and bottom of the 
waveform, but all the breakpoints become clearly 
identifiable in the distortion-analyzer output (trace C). 
Note that in Fig 9's circuit, if the amplitude or 
symmetry of the input triangle wave shifts, the output 
waveform degrades badly. Typically, you can employ a 
D/A converter to provide input drive. Distortion in this 
circuit specs below 1.5% when filtered and about 2.7% 
without filtering. 

Log shaping yields 10,000:1 frequency range 

Applications that call for a wide frequency range can 
make good use of the shaper circuit shown in Fig 11, a 
complete sine-wave generator that you can tune from 1 
Hz to 10 kHz using one variable resistor. Amplitude 
stability remains within 0.02%/°C, and distortion 
measures 0.35%. In addition, desired frequency shifts 
occur instantaneously because no control-loop time 
constants apply. 

The circuit works by placing an integrator inside a 
comparator's positive feedback loop to produce triangle 
waves for shaping into sine waves. The LM311 drives a 
symmetrical temperature-compensated clamp arrange¬ 
ment, which then biases the LF356 integrator. The 
LF356 integrates this current into a linear ramp. At 
the 311's input, this ramp is summed with the clamp's 
output until the ramp voltage nulls out the bound 
voltage. At this time, the comparator changes state and 
the integrator output reverses. 

The resultant repetitive triangle waveform then 
feeds to a sine-shaper section that utilizes the 
nonlinear, logarithmic relationship between Vbe and 
the collector current in the transistors to smooth the 
triangle wave. The LM394 dual transistor handles the 
actual shaping, while the 2N3810 provides current 
drive. The LF351 allows adjustable, low-impedance 
output-amplitude control. 


15V 



Fig 9—Breakpoint-shaping networks employ diodes that conduct in direct proportion to an input triangle wave's amplitude. This 
action changes the output amplifier’s gain to produce the sine function. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

^ 5V/DIV 


B 

5V/DIV 

20 mSEC/DIV 

C 

0.5V/DIV 




TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 


B 

20V/DIV 

20mSEC/DIV 

C 

10V/DIV 


D 

10V/DIV 


E 

0.5V/DIV 



Fig 10—A clean sine wave results (trace A) when Fig 9’s 
circuit’s output includes a 1000-pF capacitor. When the 
capacitor isn’t used, the diode network’s breakpoint action 
becomes apparent (trace B). The distortion analyzer’s output 
(trace C) clearly shows all the breakpoints. 


Fig 12—Logarithmic ^shapers can utilize a variety of circuit 
waveforms. The input to the LF356 integrator (Fig 11) 
appears here as trace A. The LM311’s input (trace B) is the 
summed result of the integrator’s triangle output (C) and the 
LM329’s clamped waveform. After passing through the 
2N3810/LM394 shaper stage, the resulting sine wave is 
amplified by the LF351 (D). A distortion analyzer’s output (E) 
represents a 0.35% total harmonic distortion. 



Pjg 11 —Logarithmic shaping schemes produce a sine-wave oscillator that you can tune from 1 Hz to 10 kHz with a single control. 
Additionally, you can shift frequencies rapidly because the circuit contains no control-loop time constants. 
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Digital techniques implement 
analog sine-wave sources 


Typical circuit waveforms appear in Fig 12. Should 
you need an even wider frequency range than that 
provided by this circuit, bear in mind that more 
sophisticated versions (references) achieve operation 
from 1 Hz to 1 MHz while retaining the single¬ 
frequency-control feature. 

Electronic tuning brings speed 

A very-high-performance version of Fig ll's log 
shaper design appears in Fig 13. Here, the LF356 
integrator's input voltage is an externally supplied 
control voltage, rather than the zener-bridge output 
previously used. Inverted by the LF351, the control 
voltage is gated by the 2N4392 FET switches, which 
are in turn controlled by the LM3irs output. Thus, 
oscillator frequency varies directly with the input 
control voltage. And because limiting rather than a 
servo-loop process determines the circuit's amplitude, 
an almost instantaneous frequency change occurs as the 
result of a step input. 

A lOV input sweeps the oscillator from 1 Hz to 30 
kHz with less than 0.4% distortion (Fig 14). Additional¬ 
ly, control-voltage input vs frequency-output linearity 
lies within 0.25%. 

Digital techniques make analog sine waves 

You can also use digital methods to approximate a 
sine wave. But, although they offer gi^eater flexibility, 
it's only at the cost of an increase in complexity. Fig 15, 
for instance, shows a 10-bit D/A-converter IC driven by 



500 j^SEC/DIV 


Fig 14—Rapid frequency sweeping is an inherent feature of 
Fig 13's voltage-controlled sine-wave oscillator. You can 
sweep this VCO from 1 Hz to 30 kHz with a 10V input signal; 
the output settles quickly. 


up/down counters to deliver an amplitude-stable 
triangle current into the LF357 FET amplifier. The 
LF357 then drives a shaper circuit of the type shown in 
Fig 9. The sine wave's amplitude remains stable, and 
its frequency depends solely on the clock speed used to 
drive the counters. If the clock is crystal controlled, the 
output sine wave reflects the crystal's high frequency 
stability. In this example, 10 binary bits drive the DAC, 
so the output frequency equals Vi 024 of the clock 
frequency. 

If you insert a sine-coded ROM between the counter 
outputs and the DAC, you can eliminate the sine shaper 


ZERO-FREQUENCY 

TRIM 



Fig 13—A voltage-tunable oscillator results when Fig 11 's design is modified to include signal-level-controlled feedback. Here, 
FETs switch the integrator's input so that the resulting summing-junction current is a function of the input control voltage. This 
scheme realizes a frequency range of 1 Hz to 30 kHz for a 0 to 10V input. 
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Fig 15—Digital techniques produce triangular waveforms that methods employed in Fig 11 can then easily convert to sine waves. 
This digital approach divides the input clock frequency by 1024 and uses the resultant 10 bits to drive a DAC. The DAC’s triangular 
output—amplified by the LF357—drives the log shaper stage. You could also eliminate the tog shaper and place a sine-coded ROM 
between the counters’ outputs and the DAC, then recover the sine wave at point A. 



TRACE 1 

VERTICAL 1 

HORIZONTAL 

SINE WAVE 

1V/DIV 

200hSEC/DIV 

ANALYZER 

0.2V/DIV 


0.2 


0.1 1 _^_I_I_I_I-^-L 

10 98 76543 

RESOLUTION (BITS) 


Fig 16—An 8-bit sine-coded-ROM version of Fig 15’s 
circuit produces a distortion level less than 0.5%. Filtering 
the sine output—shown here with a distortion analyzer’s 
trace—can reduce the distortion to below 0.1%. 


Fig 17—Distortion levels decrease with increasing digital- 
word length. Although additional filtering can considerably 
improve the distortion levels (to 0.1% from 0.5% for the 8-bit 
case), you're better off using a long digital word. 
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A log shaper circuit 

needs only one tuning resistor 


and take the sine-wave output directly from the LF357 
at point A—^thus employing an extremely powerful 
digital technique for generating sine waves. 

You can amplitude-modulate Fig 15's circuit’s output 
by driving the DAC’s reference input. The clock speed 
again establishes the operating frequency, and you can 
vary both amplitude and frequency quickly without 
introducing significant lag or distortion. Distortion 
remains low and is related to the number of bits of 
resolution used. At the 8-bit level, only 0.5% distortion 
occurs (Figs 16,17), and filtering reduces this figure to 
less than 0.1%. In Fig 16, for example, you can clearly 
see the ROM-directed steps in the sine waveform, and 
the DAC levels and glitching show up in the distortion- 
analyzer output. But filtering at the output amplifier 
eliminates these frequency components. EDN 
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Use comparator ICs 
in new ond useful woys 


You can use the unique differential-input/digital-output 
characteristics of comparators to implement 
a wide range of circuit functions. 


Jim Williams, National Semiconductor Corp 

Perhaps the most underrated and underutilized of 
monolithic ICs, comparators are among the most 
flexible and universally applicable components in your 
design arsenal. With their differential linear inputs and 
very-fast-switching digital outputs, these devices can 
help you implement unusual circuit functions at favor¬ 


able cost and low component count compared with other 
approaches. Examples ranging from a shaft-angle 
encoder to a V/F converter show how you can exploit 
comparators' unique abilities. 

Variable capacitor makes shaft-angle encoder 

If, for example, you need to convert a shaft angle to a 
digital bit stream, you can employ Fig I's comparator- 



A 


B 


C 


D 



TRACE 

1 VERTICAL 1 

I HORIZONTAL 

A 

5V/DIV 

200 ,iSEC/DI\r 

B 

10V/DIV 

200 /iSEC/DIV 

C 

5V/DIV 

200 /iSEC/DIV 

D 

5V/DIV ! 

200 mSEC/DIV 


Fig 1—Employing a variable capacitor and a comparator, 

a single-supply circuit yields a pulse burst-triggered by a 
Convert-line HIGH-to-LOW transition—whose duration is a 
±0.1% linear function of the capacitor's shaft angle. 


Fig 2~When the linear charging ramp (trace B) of Fig 1’s 

variable capacitor reaches 10V, it signals a comparator to 
shut off the trace D output pulse burst. 
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Obtain shaft-angle readings 
with a comparator-based circuit 


based circuit. It uses a standard AM-radio dual 365-pF 
variable air capacitor to generate a controlling- 
processor-triggered constant-frequency pulse burst. 
The burst^s duration—or the number of pulses it 
contains—indicates shaft position to within a ± 0 . 1 % 
typ accuracy. Moreover, the capacitor has essentially 
infinite life—unlike potentiometers, which can wear 
quickly and require frequent replacement in high-usage 
applications such as video arcade games. 

In operation, transistor Qi and associated compo¬ 
nents form a ground-referred current source that 
linearly charges the variable capacitor. When the 
controlling processor needs a shaft-angle conversion, it 
drives the Convert line HIGH (Fig 2, trace A), turning 
Q 2 on and discharging the capacitor. Concurrently, Q 3 
turns on, forcing the circuit output to zero. 

To continue the conversion, the processor pulls the 
Convert line LOW, and the constant-current-source- 
driven capacitor voltage begins to ramp linearly toward 
the 15V supply (Fig 2, trace B). This Convert-line 
HIGH-to-LOW transition simultaneously unclamps the 
LFSlTs output, thus triggering a pulse burst by 
causing the processor's clock (Fig 2, trace C) to appear 
as a serial bit stream at the output (Fig 2, trace D). 

The circuit continues to transmit this bit stream until 
the capacitor's voltage crosses the level established by 
the 5-kfl/lO-kn resistor divider; at that point the 
comparator output clamps, inhibiting pulses. Note that 
each Convert-line HIGH-to-LOW transition initiates an 
updated bit-stream output. 

The circuit is insensitive to supply shifts because the 


resistor-divider trip point and the current-source 
reference are ratiometrically related. The FET-input 
comparator does not appreciably load other circuit 
components, so linearity is excellent. With a standard 
variable air capacitor (General Radio Type 722) substi- 



TRACE 

VERTICAL 

HORIZONTAL 

A 

‘0.5V/DIV 

1 mSEC/DIV 

B 

0.1V/DIV 

1 mSEC/DIV 

C 

5V/DIV 

1 mSEC/DIV 

D 

10V/DIV 

1 mSEC/DlV 


Fig A —The number of pulses between bit-stream gaps in 
the Fig 3 circuit’s output (trace D) is a linear function of 
temperature. 


100k 



Fig 3—Furnishing an output pulse count proportional to temperature, this LM135-sensor-based circuit requires no external 
clock. A gap in the output bit stream indicates the end of conversion. 
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tuted for the dual 365-pF unit, linearity is well within 
±0.1%. Use the l-MIl potentiometer to set the desired 
scale factor. 

Convert temperatures to bit streams 

Fig 3 shows another serial-output converter, one 
that requires only a 5V supply. Generating this circuit's 
output, which indicates the temperature at the LM135 
sensor, doesn't require an external command—instead, 
the circuit clocks itself continuously and inserts gaps in 
the output stream to indicate the end of one conversion 
and the beginning of a new one. 

Qi and Q 2 form a temperature-compensated current 


source whose output is referenced to the LM385. Q 2 's 
collector current linearly charges the 0.47-|jiF capacitor 
(Fig 4, trace A) until the ramp voltage exceeds the 
LM135's voltage. Then, LM339a s output goes HIGH, 
dumping charge into the 1000-pF capacitor and forcing 
LM339b’s positive input (Fig 4, trace B) and output 
(Fig 4, trace C) HIGH. This action turns on Q 3 , 
resetting the ramp capacitor. 

The 1000-pF capacitor can discharge only through 
the 3-MH resistor paralleling the diode at LM339a s pin 
2 . Therefore, the waveform at LM339b’s positive input 
decays slowly, and the ramp capacitor stays off for an 
extended period of time. When the 1000-pF capacitor's 


Rt 



Fig 5—Using breakpoint corrections at four temperatures and requiring no trimming, this circuit compensates for a piatinum HTD 
sensor’s nonlinearity. 
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Temperature-sensing scheme 
uses a 4-comparator 1C 


voltage finally decays below the 2 -diode-drop value at 
LM339 b^s negative input, Q 3 turns off, ramping begins 
and the cycle repeats. 

The oscillation frequency varies inversely with the 
LM135^s output voltage. The ramping time, however, is 
directly—and linearly—proportional to the LM135’s 
output. While the ramp is running, LM339b's output is 
LOW, and LM339c, which functions as a 10-kHz clock, 
biases LM339d, providing the circuit’s output. Wken 
LM339a s output goes HIGH, the lOO-kO resistor path 
from LM339a to LM339d’s positive input in turn forces 
LM339d’s output HIGH (Fig 4, trace D). 

Reinforcing feedback results when LM339b^s output 
goes HIGH and applies bias through the diode path to 
LM339d's positive input. This condition lasts until the 
1000-pF-capacitor voltage decays to a value sufficiently 
low for the cycle to repeat. The 22-kn resistor/diode 
path from LM339b’s output to LM339c’s negative input 
synchronizes the 10-kHz clock to the circuit’s ramp- 
reset sequence, thereby averting a ± 1-count uncertain¬ 
ty in the output data. 

A monitoring processor can use the gap in the 
circuit’s output bit stream to synchronize itself to the 
temperature data. To calibrate the circuit, measure the 
voltage at the LM135 and adjust the 50-kfi potentiome¬ 
ter so that the number of bits in each burst relates 
numerically to this voltage (eg, 2.98V=298 bits). 

Linearize a piatinum RTD with comparators 

If, instead of an LM135 sensor, you’re using platinum 


RTDs (resistance temperature detectors) to take ad¬ 
vantage of their extremely wide operating-temperature 
ranges and their long-term stability under adverse 
environmental conditions, consider the Fig 5 linearizing 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

10nSEC/DIV 

B 

50 mA/DIV 

10nSEC/DIV 

C 

5V/DIV 

10nSEC/DIV 

D 

10V/DIV 

10 nSEC/DIV 


Fig 7—The fast shutdown action of Fig 6's circuit results in 
power cutoff (trace D) within 30 nsec of an overload 
occurrence. Note the beginning of the overload (trace B) at 
about four horizontal divisions from the left of the screen. 



Fig 6—A fast-acting power-shutdown circuit can protect sensitive components. The one shown here employs a comparator 
and a 700 sense resistor to establish a 100-mA trip point. 
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circuit. It overcomes an RTD’s inherent nonlinearity 
(>6° error from 0 to 400°C) by using an LM339 quad 
comparator to apply a 4-section breakpoint correction. 
In contrast to other RTD-linearizing circuits, Fig 5’s 
design needs no calibration. 

Because of the RTD sensor’s positive temperature 
coefficient, op amp LF353a s output rises with increas¬ 
ing temperature. Summing the output with a constant 
current at LF353b^s negative input results in a OV 
LF353b output at O'^C; this output increases as a direct 
but nonlinear function of the RTD’s temperature. 

LF353b’s temperature-dependent output drives the 
positive inputs of the LM339 comparators and provides 
the input to the output gain stage, LF351c. The 
threshold voltages at the LM339 negative inputs cause 
the respective comparators to switch at the LM353b 
voltages corresponding to 100, 200, 300 and 350°C. 

When a comparator output switches HIGH, it 
switches in gain- and offset-changing resistors via the 
LF13331 JFET switches. The four slight gain adjust¬ 
ments compensate for the RTD’s nonlinearity, and the 
introduced offsets ensure a monotonic increase in 
output as temperature rises. The 0.05-fiF capacitors at 
the LM339 outputs prevent chattering at the trip 
points; the 1-fxF capacitor in the LF351’s feedback loop 
eliminates transient switching signals from the output. 

If you use the Fig 5 circuit values and RTD sensor, 
you can obtain ±0.15^C accuracy over 0 to 400^C with 
no trimming of any kind. 

Do you have need to protect expensive components in 


5V 



Fig 8—A circuit based on two comparators and an AND 

gate can generate 6-nsec-wide pulses with 2~nsec rise and 
fall times. The Vin level determines pulse width. 


a system—perhaps, for example, during the final 
phases of trimming and calibration? If so, consider the 
Fig 6 circuit—it shuts down power within 30 nsec of an 
overload occurrence (in this case, for load currents 
greater than 100 mA). 

When the current is less than or equal to 100 mA, the 
LM36Ts output is LOW, Qi is OFF and emitter follower 



TRACE 1 

1 VERTICAL 

HORIZONTAL 

A 

2V/DIV 

200 nSEC/DIV 

B 

2V/DIV 

200 nSEC/DIV 

C 

2V/DIV 

200 nSEC/DIV 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

10 nSEC/DIV 

B 

5V/DIV 

10 nSEC/DIV 

C 

5V/DIV 

10 nSEC/DIV 


Fig 9—The ANDing action of Fig 8’s 74S08 gate yields a 
narrow pulse ((a), trace C) because of time displacement 
between comparator outputs (traces A and B). The traces in 
(b) show the signals at these same circuit nodes for a 
100-mV ViN. 
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Comparator high-speed switching 
eases pulse-generation tasks 


Q 2 sources power to the load and the 10X1 sense resistor. 
When an overload occurs (in this case via the test 
circuit, whose output appears in Fig 7, trace A), the 
current through the 10X1 sense resistor begins to 
increase. (Note the slight load-current rise in Fig 7, 
trace B.) 

This rise in current produces a corresponding voltage 
increase at the LM361's positive input. The compara¬ 
tor's output then rises (Fig 7, trace C) and drives Qi 
through a heavy feedforward network. Although this 
network degrades the LM36Fs output rise time 
somewhat, Qi responds very quickly and clamps Q 2 's 
base to ground, causing load voltage (Fig 7, trace D) to 
immediately decay to zero. 

As noted, the total elapsed time from overload onset 
to circuit shutdown is 30 nsec. Once the shutdown has 
occurred, the resistor-diode network from the LM36rs 
pin 11 to pin 3 provides latching feedback to keep power 



Fig 10—A comparator-based 400-Hz switching amplifier 

is inexpensive, requires few components and can provide a 
6A output. 


off the load. The reset pushbutton causes a negative 
spike to appear at the LM361^s positive input, breaking 
the latching feedback and allowing the loop to function 
normally again. Use the 500X1 potentiometer to set the 
trip point at the desired value (for the Fig 6 circuit, 
1V=100 mA). 

Comparators make 2-nsec pulse generator 

Similarly benefiting from the LM36Fs high-speed 
performance, the Fig 8 ultra-high-speed pulse genera¬ 
tor furnishes voltage-controllable pulse widths. Its 


differentiator networks generate a pair of pulses with 
slightly different durations; the comparators and a 
Schottky TTL gate extract the difference between two 
widths and present it as a single fast-rise -time pulse at 
the circuit output. 

When you apply a positive input pulse, the two 
lOO-pF/2-kXl differentiator networks yield positive 
outputs. When the positive-going steps exceed the 2V 
threshold established by the LM103, both LM361s 
switch output states. For a OV control input, the 
differentiator networks and the LM361s respond simul¬ 
taneously, and both output transitions line up. 

As you increase the control voltage, however, the 
spike produced by IC 2 's differentiator arrives at the 2V 
threshold earlier than does that of ICi. IC 2 also 
normally takes longer to decay through the 2V 
threshold, appearing to lead to a situation in which IC 2 ^s 
output would remain HIGH longer and switch earlier 
than would ICfs. 

IC 2 ’s 30-pF/l-kXl network, however, provides a delay 
that shifts the IC 2 output so that IC/s leading and 
trailing edges occur first (Fig 9a, traces A and B). The 
length of time between the comparator outputs^ edges 
depends on the input control voltage. 

For the Fig 8 circuit, a 0 to IV control range produces 
a trailing-edge timing difference of 0 to 100 nsec. The 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

■ 200 /iSEC/DIV 

B 

20V/DIV 

200 /.SEC/DIV 

C 

100 mV/DIV 

200 /xSEC/DIV 

D 

20V/DIV 

200 /xSEC/DI V 


Fig 11—^The power envelope of the Fig 10 switching 
amplifier’s output (trace D) is sinusoidal when the circuit is 
driven by a sine-wave input (trace A). Note the high- 
frequency charging and discharging of the circuit’s 0.01 -\j.F 
capacitor (trace C). 
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Comparator circuit handles 
frequency-division chores 


DM74S08 ANDs the two comparators' outputs to obtain 
the single-pulse circuit output (Fig 9a, trace C). 

The gate and comparator switching speeds limit the 
minimum pulse width to 6 nsec; rise and fall times are 
approximately 2 nsec. Fig 9b shows aii example of the 
high-speed operation that the Fig 8 circuit can achieve 
(control input=100 mV). Traces A and B represent ICi 
and IC 2 outputs, respectively; trace C is the circuit's 
output pulse. 

If you need a simple, inexpensive 400-Hz amplifier, 
consider the Fig 10 circuit. It uses ±15V supplies. 



provides full bipolar swing and has a 1.5-kHz full-power 
bandwidth with a 6A pk output capability. 

If the input voltage is negative, IC 2 's output is LOW 
(note that IC 2 operates in an emitter-follower mode, so 
its output is in phase with its negative input), cutting Q 2 
off. Concurrently, ICi's output goes LOW, turning Qi 
on and thereby driving the load and the lOO-kO 
resistors connected to the comparators' positive inputs. 
This feedback produces a small voltage at ICi's negative 
input. 

When the 0.01-|jlF capacitor charges to a level high 


enough to offset the negative input, ICfs output 
changes state, turning Qi off. At this point, the input 
draws current from the capacitor, forcing ICi's positive 
input to a lower state and consequently driving ICi's 
output LOW again, turning Qi on. 

The switching action occurs continuously; repetition 
rate depends on the input voltage. For positive inputs, 
IC 2 and Q 2 perform similar action. To avoid cross¬ 
current conduction in the output transistors, tie the 
comparators' offset-adjust terminals to the 15V supply. 

Fig 11 trace B shows the circuit output resulting 
from the trace A input; the trace C waveform 
represents current flow in and out of the capacitor. 
(Think of the IC 2 pin 3 point as a digitally driven 
summing junction.) Trace D is a lightly filtered version 
of trace B; it clearly shows that the circuit output has a 
sinusoidal power envelope. You can vary the amplifier 
gain with the lO-kO input potentiometer. 

Divide frequencies over a 1:1,000,000 range 

Using the Fig 12 circuit, you can divide a frequency 
over a 1:10® range, adjustable via a single potentiome¬ 
ter. Moreover, the output frequency you obtain is 
synchronously related to the input frequency. You can 
use this circuit to obtain simultaneous oscilloscope 
observations of low-frequency signals and the fast clock 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

100 ptSEC/DIV 

B 

5V/DIV 

100 /^SEC/DIV 

C 

50V/DIV 

100 /iSEC/DIV 

D 

20V/DIV 

100 /iSEC/DIV 

E 

10V/DIV 

10/^SEC/DIV 

F 

0.2V/DIV 

lO^SEC/DIV 


Fig 13—Using a step-charging technique that results in the 
trace B capacitor voltage, Fig 12’s circuit yields an output 
frequency proportional to and synchronized with an input 
signal’s frequency (trace A). In the example shown here, the 
output (trace C) contains a pulse after 32 input pulses. 
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Manipulate pulses with 
comparator-based circuits 


from which they're derived or to synchronously trigger 
an AyD converter at a variable rate. 

The circuit functions by step-charging a capacitor 
with a switched current source and using a comparator 
to determine when to reset the capacitor. Fig 13, trace 
B, shows the step-charging waveform; each time the 
pulse input (Fig 13, trace A) goes LOW, a current- 
source pulse causes a capacitor-voltage positive step. 
You can control the step height—and therefore the 
division ratio—with the 50-kfl potentiometer. 

When the staircase waveform reaches the voltage at 
the LF311's positive input, the comparator output goes 
LOW (Fig 13, trace C) and stays LOW until the positive 
feedback through the 680-pF capacitor ceases. The 
delay produced by this feedback ensures a complete 
reset for the 0.01-|jlF capacitor, which discharges 
through the steering diode into the comparator output. 

The diode connected from LF311 pin 3 to -15V 
provides first-order compensation for the steering 
diode's leakage effects during the charge cycle. Fig 13, 
trace D, shows the waveform at the LF311's positive 
input. Traces E and F show in an expanded time scale 
the relationship between the input waveforms and the 
step-charged ramp. 

When using this circuit, remember that although the 
output frequency is always synchronously related to 
the input frequency, its absolute value can vary with 
time and temperature. Typically, the trip point— 
hence, the output frequency—moves back and forth 
along the horizontal portion of a step at low division 
ratios and changes from step to step at high ratios. 

Overcome TTL multivibrators’ shortcomings 

If you've used TTL monostables, you've undoubtedly 
noticed their poor input triggering characteristics and 
limited dynamic range with a given timing capacitor. 
The Fig 14 circuit surmounts these limitations to 


provide a true level-triggered input and a single- 
resistor-programmable 10,000:1 output-pulse range. It 
delivers a preprogrammed output pulse width regard¬ 
less of the input pulse duration. (The minimum input 
trigger-pulse width is, however, 3 ixsec.) 

When you apply an input pulse (Fig 15, trace A) to 
the circuit, LM393a s output goes LOW (Fig 15, trace 
B), producing reinforcing feedback for its own positive 
input (Fig 15, trace C). This causes LM393b^s output to 
go HIGH, providing additional feedback to LM393^'s 
positive input via the 1-MH resistor. 

When the 50-pF capacitor ceases to provide feedback 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DiV 

200 /xSEC/DIV 

B 

5V/DIV 

200 /xSEC/DIV 

C 

1V/DIV 

200 /xSEC/DIV 

D 

5V/DIV 

200 /xSEC/DlV 


Fig 15—The output pulse width (trace D) of Fig 14's 

monostable circuit is insensitive to the input width (trace A). 



OUTPUT 

100 mSec to 

100 mSEC 


Fig 14—Better than a multivibrator, this monostable circuit provides a true level-triggered input and a 10,000:1 output pulse range. 
You program the output pulse width with one resistor. 
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Make a better monostable 
with a 2-comparator 1C 


to LM393a's positive input, this comparator's output 
goes HIGH, allowing the 0.01-|jlF timing capacitor to 
charge (Fig 15, trace B). When the capacitor voltage 
exceeds LM393b's positive input voltage, LM393b's 
output (Fig 15, trace D) goes LOW, terminating the 
output pulse. 

With the 0.01-|xF timing capacitor, you can obtain 
output pulse widths of 10 |xsec to 100 msec, with a scale 
factor (trimmable with the lO-kO potentiometer) of 
100fl/|jLsec. 

Get variable width and delay with one 1C 

If you need a known-width pulse that's delayed with 
respect to another pulse, consider the Fig 16 circuit. It 
works from one 5V supply and requires only one 
dual-comparator IC. 

WTien you apply a TTL input (Fig 17, trace A), 
LM319a's output stays LOW until the 1500-pF capaci¬ 
tor at its positive input charges beyond the negative 
input's 1.2V level. The resistor-diode clamp from the 
circuit input to LM319a^s pin 5 provides immunity to 
input-amplitude variations. 


5V 



Fig 16—Form a pulse having the parameters you need from 
this simple 1-lC circuit. The 1500-pF/200~kTl network deter¬ 
mines delay relative to a triggering pulse; the 1000-pF/22-kfl 
differentiator sets the width. 


WTien LM319 a's output goes HIGH (Fig 17, trace B), 
the transition is coupled via the lOOO-pF/22-kO differ¬ 
entiator to LM319 b's positive input (Fig 17, trace C), 
causing LM319 b's output to rise and stay HIGH (Fig 
17, trace D) until the differentiator output drops below 
the 1.2V level at LM319 b's negative input. 

You can tailor both the delay time and the output 


pulse width to your requirements by altering the values 
of the RC networks. Alternatively, you can control 
these parameters externally by applying variable 
voltages to the comparators' negative inputs. 

Make an ultrafast V/F converter 

Using two comparator ICs, you can build a V/F 
converter that yields a 5-kHz to 10-MHz output, with 
better than ±1% linearity, from a 0 to 5V input. The 
LMlGO's 20-nsec propagation delay allows Fig 18's 
circuit to run much faster than monolithic VFCs. 

The LMlGO's output switches the 50-pF capacitor 
between a reference voltage (furnished by the LM385) 
and the comparator's negative input. The comparator's 
output pulse width is unimportant so long as it permits 
complete charging and discharging of the capacitor. 
The LM160 also drives the 5-pF/510H network, provid¬ 
ing regenerative feedback to reinforce its output 
transitions. 

WTien this positive feedback decays, any negative¬ 
going LM160 output is followed by a positive-going 
edge after an interval determined by the 5~pF/510H 
time constant (Fig 19, traces A and B). 

The actual integration capacitor — ^the 0.01-|jlF unit— 
never charges beyond 100 mV because it's constantly 
reset by charge dispensed from the switched 50-pF 
capacitor (Fig 19, trace C). WTien the LMlGO's output 
goes negative, the 50-pF capacitor takes charge from 
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Two comparator ICs 
yield a fast, linear VFC 



Fig 18—Producing 5-kHz to lO-MHz output, this V/F- 
converter circuit uses two comparator ICs and features ± 1% 
linearity. The LM160 is the heart of the converter; the LM311 
prevents lockup. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 /xSEC/DIV 

B 

0.5V/DIV 

100 /iSEC/DIV 

C 

10 mA/DIV 

100 /iSEC/DIV 

D 

5V/DIV 

100 /iSEC/DIV 


Fig 19—A clean 10-MHz output (trace D) results from an 
LM160’s action in Fig 18’s V/F converter. Trace C shows the 
charge-dispensing current from Fig 18’s 50-pF capacitor. 


the 0.01-jULF capacitor, resulting in a lower voltage. 

The LMlGO's negative-going output also produces a 
short negative pulse—via the 5-pF/510n feedback—at 
its positive input. When this negative pulse decays to a 
point where the positive input is just higher than the 
negative input, the 50-pF capacitor again receives a 
charge, and the entire cycle repeats. Diodes Di and D 2 
compensate for diodes D 3 and D 4 , minimizing tempera¬ 
ture drift. 

The LMlGO's inverted output (Fig 19, trace D) serves 
as circuit output and also drives the LM311 comparator 
circuit to prevent LM160 lockup. Without it, any 
condition (such as startup and input overdrive) that 
allows the 0.01-|jlF capacitor to charge beyond its 
normal operating point could cause the LMlGO's output 
to go to the — 5V rail and stay there. 

The LM311 prevents lockup by pulling the LMlGO's 
negative input toward ~5V. The lO-iJiF/lO-kfi network 
determines when the LM311 switches on. When the 
VFC runs normally, the 10-|jlF capacitor charges to a 
negligibly small voltage, holding the LM311 off. The 
LMlGO's inverted output stays HIGH if the VFC stops 
running (if lockup occurs), forcing the LM311 to turn on 
and restarting the circuit. 

To calibrate the circuit, apply a 5V input and adjust 
the 20 -kfi potentiometer for a 10-MHz output. Then 
apply 2.5 mV and adjust the 50-kn potentiometer for a 
5-kHz output. When building this circuit, use a ground 
plane and good grounding techniques and locate the 
components associated with the LM160 inputs as close 
as possible to the inputs. BOH 
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Low<ost dual, quod FET op amps 
implement complex functions 

Multiple general-purpose FET op amps in one package offer 
more than basic gain and control capabilities. By fully 
exploiting their high-performance potential, you can derive 
a variety of low-cost special-purpose circuits. 


Jim Williams, National Semiconductor Corp 

FET op amps in dual and quad packages furnish the 
same performance as their single-op-amp relatives, but 
they cost less per amplifier, occupy less board area and 
require fewer bypass capacitors and power-supply 
buses. To show you how to implement these advantages 
effectively, this article examines temperature-control, 
sine-wave-oscillator and A/D-converter circuit designs 


that each utilize one dual or quad FET op-amp package. 

Controller maintains stabie temperature 

Fig 1, for example, shows a complete high-efficiency 
pulse-width-modulating oven-temperature controller. 
A single LF347 package contains the four op amps 
shown (Ai through A 4 ). 

Ai functions) as an oscillator whose output (Fig 2, 
trace A) periodically resets integrator A 2 's output 


120k 



Fig 1—Connecting appropriate components to an LF347 quad FET-op-amp 1C produces a high-efficiency precision 
oven-temperature controiier. This design can hoid a temperature within 0.05°C despite wide ambient-temperature fiuctuations. 
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FET op amps serve efficiently in 
temperature-measurement circuits 


(trace B) to OV. Each time A/s output goes high, a 
large positive current flows into A 2 's summing junction. 
This current overcomes the negative current flowing 
through the lOO-kfl resistor into the LM329 reference. 
As a result, A 2 's output heads negative, ultimately 
limited by Df s feedback bound. 

Diode D 2 provides bias at A 2 's positive input to 
compensate for Di. Accordingly, A 2 ’s output settles 
close to OV. When Ai’s positive output pulse ends, the 
positive current into A 2 ’s summing junction ceases. 
Then A 2 ’s output ramps linearly until the next reset 
pulse. 

As operates as a current-summing servo amplifier 
that compares the currents derived from the LM135 
temperature sensor and the LM329 reference. In this 
configuration, A 3 achieves a gain of 1000, and the 1 -|jlF 
feedback capacitor permits a 0.1-Hz servo response. 
As's output represents the amplified difference between 
the LM135's temperature and the desired control 
setpoint. You can vary the setpoint by changing the 



TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 


B 

10V/DIV 

50 mSEC/DIV 

C 

10V/DIV 


D 

20V/DIV 



Fig 2—Oven-controller waveforms from Fig 1 ’s circuit 
show >\i’s oscillator output (trace A) and A 2 ’s integrator 
output (B) as the latter resets periodically to OV. Trace C 
displays A 4 S ramp output, and D indicates the LM395’s 
power input to the oven heater. 
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NOTES: 

F^platinum = ROSEMOUNT 118MG 

= 214.2Q ATSOO^C (572 “F) 

= 318.2QAT 600 “C (1112‘’F) 

ALL DIODES = 1N4148 

A 1 -A 4 =LF347 QUAD 

* = LOW-TC, METAL-FILM TYPES 


FREQUENCY 

OUTPUT 

(300 Hz = 300‘’C, 
600 Hz = 600‘’C) 


Fig 3—Generate simultaneous analog-level and frequency outputs using one LF347 package by signal-conditioning a platinum 
RTD sensor. You can calibrate this high-temperature (300 to 600°C) measuring circuit to ±1°C by using three trimming pots. 
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Fig 4—A platinum RTD sensor’s resistance decreases 
linearly from 600 to 300°C. Then, from 300 to 0°C, the 
sensor’s resistance deviates from a straight-line slope and 
degrades the Fig 3 circuit’s accuracy beyond ±rc. 


21.6-kH resistor's value. In Fig I's version, the 21.6-kH 
resistor provides a setpoint of 49°C (322°K). 

Configured as a comparator, A 4 measures As's output 
against A 2 's ramp output. Specifically, A^'s output is 
high only when As's output exceeds the ramp voltage. 
The ramp-reset pulse from Ai is diode summed with the 
ramp output (trace C) at A 4 to prevent A^'s output from 
going high during the reset-pulse period. 

Additionally, Ai's output biases the LM395 power 
transistor, which switches power (trace D) to the 
heater. If you tightly couple the LM135 sensor to the 
heater and adequately insulate the oven, this controller 
circuit can easily hold a setpoint within 0.05°C over 
wide ambient-temperature excursions. 

Sensor circuit generates duai outputs 

Another temperature-related circuit employing one 
LF347 package appears in Fig 3. In this design, the 
LF347 op amps signal-condition a platinum RTD sensor 
and provide simultaneous analog-level and frequency 
outputs. These outputs stay accurate to ±1°C over 300 
to 600°C (572 to 1112°F). Although the conditioning 
circuit can maintain linearity over an even wider range, 
the sensor's nonlinear response from 0 to 300°C limits 
overall accuracy (Fig 4). 


LOW-FREQUENCY- 

DISTORTION TRIM ZERO TRIM 



Fig 5—An LF347-based voltage-controlled sine-wave oscillator combines high performance w/f/? versatility. For 0 to 10V inputs, 
this circuit generates 1-Hz to 20-kHz outputs with better than 0.2% linearity and only 0.4% distortion. 
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Low-distortion oscillator 
generates clean sine waves 


Ai functions as a negative-gain inverter and drives a 
constant current through the platinum sensor. Both the 
LM329 and the 5.1-kIl resistor supply the current 
reference. Because Ai provides negative gain, the 
sensor^s developed voltage remains extremely low and 
eliminates self-heating-induced errors. 

Ai's output potential—which varies with the sensor's 
temperature—goes to A2. In turn, A2 furnishes scaled 
gain and offsetting to produce an analog output that 
ranges from 3 to 6V for a corresponding 300 to 600°C 
temperature swing at the sensor. 

Performing as a voltage-to-frequency (V/F) convert¬ 
er, A3 and A4 generate a 300- to 600-Hz output from A2's 
3 to 6V analog output. A3 integrates in a negative-going 
direction with a linear slope that depends on A2's output 
voltage. Then A4 compares A3's negative ramp with the 
LM329's positive reference voltage by current¬ 
summing in the 10-kIl resistors. When the ramp's 
negative potential barely exceeds the LM329's refer- 



TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 


B 

20V/DIV 


C 

10V/DIV 


D 

20V/DIV 

20 mSEC/DIV 

E 

50V/DIV 


F 

2V/DIV 


G 

0.2V/DIV 



Fig 6—^Waveforms from the oscillator shown in Fig 5 

show that upon receiving >Ai's negative voitage (trace A), Az 
ramps in a positive direction (B). This ramp joins the ac 
feedback delivered to A 3 S positive input (C); trace D depicts 
As’s positive-going output This output in turn is inverted by 
the 2N2369 transistor (E), which turns off the 2N4393 and 
drives ATs positive input above ground. AzS triangle output 
also connects to four sine-shaper transistors and A 4 and 
finally emerges as the circuit’s sine-wave output (F). A 
distortion analyzer’s output (G) shows the circuit’s minimum 
distortion products after trimming. 



Fig 7—Applying a 10V ramp input (top trace) to the Fig 5 

circuit’s input produces an extremely clean output (bottom 

trace) with no glitches, ringing or overshoot, even during or 

after the ramp’s high-speed reset 

ence voltage, A^'s output goes positive. This action 
turns on the 2N4393 FET and resets A3's integration 
process. At A4, ac feedback causes “hang-up" in the 
positive state long enough to completely discharge A3's 
integrator capacitor. 

To calibrate this circuit, first substitute a precision 
decade box (eg, GenRad 1432-K) for the sensor. Next, 
alternately adjust the Zero (300‘"C) and Full Scale 
(600'"C) trim potentiometers for the resistance values 
tabulated in Fig 4 until A2's output reaches the correct 
levels. Finally, adjust the 200-kn Frequency Output 
trimming pot until A4^s frequency outputs correspond 
to A2 's analog outputs. 

Generate clean sine waves 

In addition to handling temperature-related tasks, a 
single LF347 can also find use in a high-performance 
voltage-controlled sine-wave oscillator (Fig 5). For a 0 
to lOV input, this circuit produces 1-Hz to 20-kHz 
sine-wave outputs with better than 0.2% linearity. 
What's more, distortion totals only 0.4%, and the 
sine-wave output's frequency and amplitude settle 
instantaneously for a step input change. In essence, the 
oscillator circuit generates a sine-wave output by 
nonlinearly shaping a V/F converter's triangle-wave 
output. 

To understand the circuit's operation, assume the 
2N4393 FET is ON and Afs output has just gone low. 
Ai's positive input is thus grounded, and Ai functions as 
a unity-gain inverter. In this state, its output potential 
equals -Ein (Fig 6, trace A). This negative voltage 
goes to integrator A2, which responds by ramping in a 
positive direction (trace B). A3 then compares this 
positive-going ramp to the LM329's TV reference. The 
reference works within a symmetrically bounded 
positive feedback loop, within which the parallel diodes 
compensate the bridge diodes. 

When the positive-going ramp voltage barely nulls 
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0.02 



Fig 8—Reduce parts count and save money by basing this precision sine-wave voltage reference on an LF353 dual FET-op-amp 
1C. This circuit generates a 1-kHz sine wave at 2.50V rms. The 2N2222A transistor functions as a phase-shift oscillator. The A^, Az 
combination amplifies and amplitude-stabilizes the circuit's sine-wave output. 



* = METAL-FILM TYPES 

A 1 -A 4 =LF347QUAD 


Fig 9—Three Mode Select switch positions offer a choice of internal or external trigger conditions for this integrating A/D ' 
converter. Over 15 to 35°C, this trimmable converter provides a 10-bit serial output, converts in 10 msec and accepts 0 to 10V inputs. [ 
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TO 

ADDITIONAL 
LF347S FOR 
MORE 
POWER 


NOTES 

Ai-A4=LF347 QUAD 


Fig 12—Utilizing current-amplifying capabilities, one LF347 can drive a 600^1 load to ±11V. For additional power, two LF347s 
can supply an output current of ±40 mA. 


90k 



LOAD 

200 


-lOV.N 


Fig 13—Configured as a high-output-current amplifier with a gain of 10, this LF347circuit can drive a 2000, floating load to ±20V. 


a voltage derived from the LM329 reference. Diode D 2 , 
located in the Reference pot’s wiper arm, compensates 
for Di. In A 2 ’s feedback loop, D 3 prevents negative 
voltages from conducting to the transistor and the 
electrolytic 2-|jlF feedback capacitor upon start-up. 

At a gain of 10, A 2 amplifies the difference between 
the reference and output signals. Additionally, A 2 ’s 
output provides collector bias for the 2N2222A, 
completing an amplitude-stabilizing feedback loop 
around the oscillator. The electrolytic capacitor furnish¬ 
es stable loop compensation. 

To set the circuit’s output amplitude, adjust the 5-kn 
pot until a precision voltmeter reads 2.50V rms at the 
sine-wave output terminal. For a ±5V variation in 
either power supply, the sine-wave output shifts less 
than 1 mV. Other key specs include 250-|xV/°C typ drift 


and less than 1 % distortion. 

Versatile A/D converter employs quad op-amp 1C 

In addition to temperature- and oscillator-type 
circuits, the LF347 quad IC further demonstrates its 
versatility by implementing an integrating AyD con¬ 
verter (Fig 9). Either internally or externally trig¬ 
gered, this circuit delivers a 10-bit serial output word in 
10 msec (full-scale conversion time). 

To understand this circuit’s operation, assume that 
the Mode Select switch is set to the Free Run With 
Delay position and the 2N4393 FET has just turned off. 
The A 2 integrator—^biased from the LM329 reference— 
then begins to ramp in a negative-going direction (Fig 
10 , trace B). A 4 compares this ramp with the positive 
Ein input voltage, '^en A 2 ’s ramp potential barely 
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Obtain high output current using 
one or more quad packages 


exceeds Ein s negative value, A 4 's output goes high 
(trace C). The 2N2222A transistor provides -0.6V and 
+7V feedback-output limits for A 4 to keep A 4 's output 
from saturating and aid high-speed response. The ac 
positive feedback also assures clean transitions. 

A 3 performs as a 100-kHz oscillator. Its associated 
LM329 and diodes provide a temperature-compensated 
bipolar switching-threshold reference. When A 4 is low, 
the 2N3904 transistor passes output pulses to the 
TTL output terminal. A^en A 4 goes high, the 2N3904 is 
biased ON, and the transistor shuts off the output 
pulses (trace D). 

Because A 2 generates a linear output ramp, the time 
A 4 spends low is directly proportional to Ejn^s value. 
The number of pulses appearing at the 2N390Ts output 
digitally indicates this information. A 2 ’s ramp continues 
to run after A* goes high and, finally, the actual 
conversion process ends. 

Wlien the time-constant capacitor associated with the 
Free Run With Delay mode charges to 2V, A/s output 
goes high (trace A). This transition turns on the 2N4393 
FET, which in turn resets integrator A 2 . Ai stays high 
until the ac feedback provided by the 150-pF capacitor 
decays below 2V. Then Ai goes low, A 2 begins to ramp 
and a new conversion cycle starts. 

Resistor/diode gating at the 2N3904's base prevents 
false data from occurring at the converter’s TTL output 
while Ai remains high. Additional gating also prevents 
a ± 1-count uncertainty arising from the 100-kHz clock, 
which runs asynchronously with the conversion cycle. 
The 1N4148 diode and 4.7-kD resistor (connected 
between A/s output and As’s negative input) prevent 
this error. These components force the oscillator to 
synchronize to the conversion cycle at each falling edge 
of Ai’s output. 

You can adjust the time between conversions in Free 
Run With Delay mode by changing the RC components 
connected to this selection-switch position. Moreover, 
you can trigger the converter externally using a 2V 
source. 

In Free Run mode, the converter self-triggers 
immediately after A 4 goes high. The conversion time 
thus varies with the input voltage. Here, a positively 
biased sine wave (Fig 11, trace B) feeds to the 
converter’s input. Because the converter resets and 
self triggers immediately after converting, A 2 ’s ramp 
output shapes a ramp-constructed envelope of the input 
signal (trace C); trace A shows this envelope in a 
time-expanded form. 

In the integrator and oscillator, note that the 
polystyrene capacitors’ -120-ppm/°C temperature 
coefficients tend to track in the same direction, 
minimizing the circuit’s drift. From 15 to 35°C, the 
converter achieves 10 -bit absolute accuracy. 

To calibrate this circuit, apply lO.OOV to the input. 


Then adjust the Full Scale trimming pot for a 
1000-pulse output in each conversion cycle. Next, apply 
0.05V and adjust the Zero trimming pot for a 5-pulse 
output in each conversion cycle. Repeat this procedure 
until the adjustments converge. 

Amplifiers suppiy high output current 

Yet another role the LF347 quad can play is as an 
element in high-output-current amplifiers. Fig 12 
shows a scheme for delivering a large current flow into 
a load by using all four LF347 amplifiers to supply 
output power. In this design, A 2 , A 3 and A 4 supply the 
same current as Ai—positive, negative or even zero. As 
a result, one LF347 can drive a GOOD load to ±11V, and 
two LF347s can furnish a ±40-mA output current. The 
series RC dampers help prevent oscillations. 

Similarly, Fig 13’s circuit features a gain of 10 and an 
output to a fioating load. Ai amphfies the input signal, 
and A 2 helps to drive the 200D load. Likewise, A 3 
operates as a unity-gain inverter, and A 4 helps A 3 drive 
the same load. This circuit easily drives the 200D 
fioating load to ±20V. EDN 
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Jim Williams is a design 
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NEXT TIME 

Look for a Special Report on serial impact 
printers in EDN’s January 21 issue, along with 
useful and informative articles on 

• Accurate resistance measurements 

• Memory-system reliability 

• Motivating design engineers. 

Also look for our second annual Program¬ 
mable-Memory Directory, plus our regular 
Design Ideas and A Question of Law depart¬ 
ments. You can’t afford to miss this issue! 

EDN; Everything Designers Need 
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Low<ost instrument 
measures 4-decQde power 

Using standard parts, a watt/watt-hour meter calculates power 
consumption for line-powered devices over an extremely wide 
measurement range—2W to 2 kW FS. And its multiple analog and digital 
outputs allow both direct and time-related power readings. 


Jim Williams, National Semiconductor Corp 

If you must monitor the usage of costly electricity in 
commercial, industrial or consumer equipment designs, 
build the inexpensive but versatile watt/watt-hour 
meter described in this article. It resolves power 
measurements to as low as 0. IW, achieving 2% 
accuracy over 25±5°C. And it can determine the power 
consumption of any 115V ac unit, from large factory 
machines to small hand-held tools. The instrument 
requires only about $175 worth of off-the-shelf parts, 
whereas many conventional power meters cost much 
more and provide lower performance. 

To handle a wide variety of power measurements, 
mostly in cases where energy conservation has high 
priority, the instrument provides three analog and two 


digital power-related outputs. One analog output— 
serving a 200-|jlA FS meter—displays power values in 
watts. Another furnishes 0 to 5V for driving strip-chart 
recorders, while the' third supplies instantaneous- 
power-output levels for use in external-tracking 
applications. One of the digital outputs—a readout— 
indicates time-based or watt-hour readings; the second 
supplies watt-hour data for use by external equipment. 

A look at the overall approach 

The watt/watt-hour meter's design is straightfor¬ 
ward (Fig 1). The device under measurement plugs 
into a standard 115V ac outlet mounted on the 
instrument's front panel. With line power applied, the 
ac voltage across the monitored load passes through a 
resistor divider and feeds (via an op amp) to an analog 


INSTANT 

ANALOG 



Fig 1—An inexpensive watt/watt-hour meter incorporates (in series) a current shunt, voltage- and current-sense amplifiers, a 
power multiplier and a transformer-coupled isolation amplifier. These circuits generate amplitude-modulated pulses that represent , 

the monitored device’s instantaneous power consumption, measured in watts. Voltage-to-frequency conversion precedes a counter j 

and a digital display of power levels in watt-hours. I 
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Single low-resistance shunt 
handles all four power ranges 


power multiplier. 

The voltage across a low-resistance shunt represents 
the current through the load. Even when measuring a 
20A max flow, this shunt needs only 133 mV—a feature 
that eliminates high-resistance-current-shunt inaccura¬ 
cies. Additionally, by accommodating all four power 
ranges—2, 20, 200 and 2000W FS—^the single shunt 
eliminates the need to switch-in high-impedance shunts 
for high-sensitivity scales. 

The instrument's measurement technique utilizes the 
low input error in a current-sense amplifier, whose 
output also goes to a power multiplier. Switchable gain 
within the amplifier makes possible the 4-decade 
sensitivity setting. A 4-quadrant configuration, the 
power multiplier produces an output representing the 
test load's true instantaneous-power product (ExI), 
regardless of the load's relative voltage and current 
phases. 

Because the multiplier and its associated voltage- and 
current-sense amplifiers connect directly to the ac line, 
though, they require a floating ±15V power supply. 
Consequently, you can't safely monitor their outputs 
with grounded test equipment, such as strip-chart 
recorders. To deal with this problem, the multiplier's 
output drives an isolation amplifier that operates at 
unity gain but has no galvanic connection between its 
input and output terminals. The amplifier employs 
pulse-amplitude-modulation techniques in conjunction 
with a small transformer. By grounding its output, you 
can safely connect test equipment to all circuits 
following the transformer. 

In addition to driving an analog meter and a 
strip-chart recorder, the isolation amplifier's output 
also biases a voltage-to-frequency (V/F) converter, 
which in turn combines with digital counters to form a 
digital integrator. This circuit translates the amplifier's 
analog outputs into time-related power levels. Varying 
the counters' divide ratio (and thus the power levels) 
produces the instrument's four watt-hour ranges. 

Multiplier portrays instant power 

The hardware implementation of this overview 
appears in Fig 2. At the ac-line input, voltage division 
occurs in the 100- and 4.4-kn resistor string. Connected 
to this string, A 2 A serves as a buffer amplifier and feeds 
the voltage-sense input to the power multiplier. Also 
working off the line input, Ai monitors the voltage 
across the current shunt at a fixed gain of 100. Two 
INI 195 diodes and two 20A fuses protect Ai and the 
current shunt from shorts across the load's test socket. 
Receiving Ai's output, amplifier A 2 B provides gain, 
calibrated wattage switching from 2 to 2000W FS and 
the power multiplier's current-sense input. 

Composed of amplifiers Aac and Asd and an LM394 
IC's dual transistors, the multiplier—a variable trans¬ 


conductance type—^uses its current-sense input to vary 
a 2N2222 transistor amplifier's gain. This amplifier 
receives A 2 a's voltage-sense output as its input. 

At the multiplier's output, Aac produces an output 
representing the load's instantaneous power consump¬ 
tion (Fig 3, trace A). This output in turn biases a 
pulse-amplitude-modulating isolation amplifier (A 3 A and 
Asb) and three transistors (Qi to Qa). 

Generating an oscillator output (trace B), AaA biases 
the Q 1 /Q 2 switch connected across the transformer's 
primary. Meanwhile, AaB's negative input measures the 
pulses' amplitude at the transformer's primary. A 3 B 
then servo-controls the pulses to the same amplitude as 
those received at its positive input (biased by the 
multiplier's output). Transistor Qa provides current- 
drive capability and completes Abb's feedback path. 

Trace C in Fig 3 illustrates how Qa's emitter voltage 
changes to meet the servo-loop requirements. Trace D 
shows the pulses applied to the transformer. Note that 
these pulses' amplitudes form an envelope whose 
amplitude equals the multiplier's output. 



NOTES: 

ALL DIODES 1N4148 
rfj = FLOATING CHASSIS GROUND 
CIRCUIT (EARTH) GROUND 

* = 1% FILM TYPES 

** = POLYSTYRENE TYPE 

# = GE50-140034NDAA 
A, = LM11 

A 2 = LF353 DUAL 
A 3 - LF347 QUAD 
A 4 = LM311 
A 5 = LF398 
Afi = LF353 DUAL 

Fig 2—Careful parts selection and skillful circuit design 

produce a test instrument that measures the power consumption 
of any 115V ac-powered device. The instrument provides a 
4-decade power-measuring range—2, 20, 200 and 2000W 
FS—at 2% accuracy and over 25±5°C. Three analog and two 
digital outputs accommodate a wide variety of internal and 
external power-measurement applications. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 


B 

50V/DIV 


C 

5V/DJV 

2 mSEC/D!V 

D 

10V/DIV 


E 

10V/DIV 



Fig 3—During instrument operation, the power multipli¬ 
er’s output (trace A) represents the monitored device’s 
instantaneous power consumption. Biased by this output, 
/\ 3 a's osciiiator output (refer to Fig 2) biases the O1/O2 switch 
(trace B). Completing the feedback path to A 3 B, O 3 changes 
its emitter voltage to maintain servo-loop needs. Via Qu O 2 , 
O 3 , Aza and Abb, amplitude-modulated pulses arrive at the 
isolation transformer’s primary (trace D). Connected to this 
transformer’s secondary, As’s output represents a sampled 
version of the monitored device’s power consumption (E). 
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Pulse sampling and filtering 
smooth out power-signal levels 


The amplitude-modulated pulses appear at the 
transformer's secondary, which is referenced to the 
instrument's earth ground. Each pulse's amplitude gets 
measured by a sample/hold amplifier (A5) whenever A 4 
generates a Sample command. Lightly filtered by the 
15-kn, 0 . 02 -p.F network, As's output provides a 
sampled version of the load's instantaneous power 
consumption (trace E). Heavy filtering by the 1-Mfi, 
l-|xF network's time constant produces a smoother 
version of the sampled power signal. This signal drives 
the watts analog-meter and strip-chart-recorder out¬ 
puts via the A^a buffer. 


TEMPERATURE = 7,0‘’C 
COMPRESSOR DUTY CYCLE = 40% 



(a) TIME (HRS) 


TEMPERATURE = 5.0“C 
COMPRESSOR DUTY CYCLE = 46% 



(b) TIME (HRS) 


TEMPERATURE 

(“C) 

POWER 

CONSUMED 

(W) 

kW-HR 
PER CYCLE 

COST 
PER DAY 

COST 
PER YEAR 

7 

260 

0.104 

$0.0998 

$36.44 

5 

260 

0.119 

$0.1147 

$41.89 


(c) 


Fig 4—Connected to the instrument’s Chart Output 
terminal, a strip-chart recorder logs a refrigerator compres¬ 
sor’s power consumption at 260W for several hours. At a 7°C 
temperature setpoint, the compressor functions at a 40% 
duty cycle (a); lowering the temperature to 5°C increases this 
duty cycle to 46% (b). Extrapolated data (c) shows that the 
lower temperature results in increased kilowatt-hour con¬ 
sumption per cycle and therefore in higher operating cost. 


lOr 


SIDEBURN 

ATTACHMENT 

OFF 
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a 

lU 

$ 
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1 ^ 

$ 

_1_1_ 

0.5 1 

TIME (MIN) 

1 1 

1.5 2.0 

FACIAL 

POWER 

WATT- 

COST PER SHAVE* 

AREA 

CONSUMED (W) 

HOURS 

(CENTS) 

CHEEKS (A) 

5.8 

0.173 

0.00692 

UPPER & LOWER LIPS (B) 

5.4 

0.123 

0.00492 

RIGHT SIDEBURN (C) 

8.4 

0.063 

0.00252 

LEFT SIDEBURN (D) 

8.4 

0.061 

0.00244 


(b) 


‘BASED ON $0.04 PER kW-HR 


Fig 5—Monitoring the power consumption of a small 
electric razor via a strip-chart recorder, the wattiwatt-hour 
meter generates instantaneous readings over short intervals 
(a). With this accumulated data, you can make detailed 
power-cost calculations (b). 


In conjunction with a digital-divider chain, an LM331 
V/F converter forms a digital time integrator. To bias 
the V/F converter, As's lightly filtered output goes to 
AfiB. Driven by the V/F converter's output, the divider 
chain sets the integrator's time constant and switches 
the scale factor for watt-hour measurements. Addition¬ 
al counters drive a digital readout that shows the actual 
measurements. Pressing the Zero Reset pushbutton 
resets the watt-hour readout. 

Use this procedure for calibration 

To calibrate the watt/watt-hour meter, shut off the 
instrument's ac line power and remove the two 20A 
fuses. Set the Range Scale switch to 2 . Then apply 
power and adjust the Power Trim pot (Pi) so O.OOV 
appears at A 2 b's output. 

Turn off the ac line power. Then disconnect the power 
multiplier's two input lines and connect them to the 
instrument's floating ground. Turn on line power and 
adjust the Power Output Trim pot (P 2 ) for O.OOV at 
A^a s output. 

Once more, turn off ac line power. Unground the 
multiplier's current-sense input but leave the voltage- 
sense input grounded. Then turn on line power and 
apply a lOV p-p 60-Hz signal to the multiplier's 
current-sense input lead. Adjust the Current Trim pot 
(P3) for O.OOV at A^Vs output. 

Now turn off ac line power yet again, ground the 
multiplier's current-sense input and unground the 
voltage-sense input. Turn on the power and adjust P 4 
(the Voltage Trim pot) for O.OOV at A^a s output. Then 
turn off the power and reconnect the multiplier's 
current-sense input into the circuit. 

Next, turn on the line power and read ac line voltage 
with a precision digital voltmeter. Plug a known load 
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V/F converter and divider chain 
form a digital integrator circuit 


(eg, a 1% power resistor) into the instrument's test 
outlet. Adjust the Wattage Trim pot (P 5 ) until the 
analog meter reads the correct wattage (watts equals 
line voltage times load resistance). 

Finally, turn off line power and disconnect Age's 
positive input line. Then turn on the power and apply 
5.00V to Age's positive line. Adjust the V/F Output 
Trim pot (Pg) until the LM331's output at pin 3 runs at 
27.77 kHz. Then turn offline power and reconnect Age's 
positive input line. 

A watt/watt-hour meter calibrated in this manner 
can accurately measure the power consumption of any 
115V ac-powered device, large or small. Connecting the 
instrument to a home refrigerator demonstrates its 
prowess with large equipment: In one test, the 
refrigerator operated for 3y2 hrs at a temperature 
setpoint of 7''C (Fig 4), and each time its compressor 
turned on, it consumed approximately 260W. As the 
compressor warmed up, power consumption actually 
decreased slightly. Changing the refrigerator's temper¬ 
ature control to 5''C increased the compressor's duty 
cycle by 15%. This power change reflects directly in the 
unit's per-cycle kilowatt-hour consumption. 

Connecting the watt/watt-hour meter to an electric 
razor demonstrates its ability to monitor small 
equipment. In this setup, the meter recorded the 
electric razor's power consumption during a face¬ 
shaving exercise (Fig 5). Note that various facial areas 
cost more to shave than others. 

Time-related power computations revealed that a 
complete daily shave costs about $0.09 per year. If this 
is excessive, a user could economize by growing a 
beard. EDN 
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Apply somple-ond-hold techniques 
for elegant design soiutions 

More than just a data-acquisition device, a S/H amplifier 
can also simplify—indeed, make possible—other circuit designs. 

The applications presented here provide a sampling of ideas 
ranging from data-link eavesdropping to oven control. 


Jim Williams, National Semiconductor Corp 

Most designers regard sample/hold amplifiers merely 
as system components utilized in high-speed data- 
acquisition work. But they should also consider S/H 
devices' possibilities as circuit-oriented building blocks. 

Sampling techniques can implement circuit functions 
that are sophisticated in performance, low in cost and 
not easily realized with other approaches. The designs 
presented here illustrate a few of the many application 
possibilities for S/H amplifiers as circuit elements. 

Stop fiber-optic eavesdropping 

Fig 1 depicts a design that detects attempts to tap a 


fiber-optic data link. Because the circuit works with 
pulse-encoded data formats, it detects only short-term 
changes in the fiber-optic cable's loss characteristics. 
Thus, long-term changes arising from temperature 
variations or component aging won't trigger the alarm, 
but any unauthorized data extraction—a short-term 
phenomenon—will. 

Under normal operating conditions, because the 
input light pulse's amplitude is constant, so is the level 
detected by photodiode Di and amplified by M- Ae's 
constant-amplitude output pulses are sampled by the 
S/H amplifier, A 3 , which is driven by a delayed S/H 
pulse generated by Ai and A 2 . (Delaying the sampling 
ensures that A 6 's output settles completely.) Unless 


1 



Fig 1—Fiber-optic-link eavesdropping attempts are immediately detected by this design. Working on a pulse-by-puise 
comparison basis, A 3 samples each input pulse and holds its amplitude value as a dc level. Anything that disturbs the next input’s 
amplitude causes a jump in this level; because A 4 is an ac-coupied amplifier, the comparator and latch then activate. 
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Sample/hold techniques benefit 
fiber-optics usage 


something changes the input light pulse^s amplitude, 
A 3 ^s output is a dc voltage; because A 4 is ac coupled, its 
output is OV. 

A link-intrusion attempt disturbs the input pulse^s 
amplitude, causing A^^s output to shift. A 4 ac-amplifies 
this shift, trips comparator A 5 and activates the alarm 
latch. 

This sequence is represented in Fig 2, where trace A 
is A^^s output, B tracks S/H control pin and C is the 
alarm^s output. An input disturbance occurs slightly 
past trace A's midpoint, indicated by A^^s reduced 
output. The alarm^s output latches HIGH just after the 
Sample command rises—a result of the S/H amplifier's 
level jumping to A^^s changed output. Fig 2 shows a 
large disturbance ( 10 %) for demonstration purposes, 
but in practice, the design can detect an energy loss of 
as little as 0 . 1 %. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

0.1V/DIV 

500 ^SEC/DIV 

B 

10V/DIV 

500 ^SEC/DIV 

C 

5V/DIV 

500 ^SEC/DIV 


Fig 2—An intrusion attempt occurring just past the 
midpoint of trace A is immediately detected by Figl's circuit. 
The photodetector’s amplifier output (A) shows a slight 
amplitude drop. The next time the S/H amplifier samples this 
signal (B), the alarm latch sets (C). 


Stretching pulses proportionally 

You can measure short-duration pulses with another 
S/H circuit, shown in Fig 3. The design works for either 
single-shot or repetitive events. 

Assume that you must measure a l-|jLsec-wide pulse 
to an accuracy of 1%. With digital techniques, this task 
would require use of a 100 -MHz clock (1% of 1 jxsec). 
Fig 3^s design avoids this requirement by linearly 
amplifying the pulse's width by a factor of 1000 or 


more. Thus, a l-|xsec input pulse becomes a 1 -msec 
output pulse—a somewhat easier time duration to 
measure to 1 % accuracy. 

Fig 4 shows how this design responds to an even 
shorter (350 nsec) input pulse (trace A). Comparator 
Ai's output goes LOW (B), and the 74121-one-shot/Qi 
combination discharges the associated 100 -pF capacitor 
via a 50-nsec pulse (D). Concurrently, Q 2 turns off, 
allowing current source Q 3 to start linearly recharging 



Fig 3—Pulse-width-measurement accuracy is enhanced by this pulse-stretching circuit. A short input pulse triggers the 74121 
one-shot and (via Q^) discharges the 100 -pF capacitor while concurrently turning on the recharging current source, O 3 . So long as 
the input pulse is present, the capacitor charges; when the pulse ends, the capacitor’s voltage is proportional to the pulse’s width. 
S/H amplifier Az samples this voltage, and the resultant dc level controls the ON duration of the AJA 5 pulse-width modulator. (Letters 
at key points in the circuit refer to waveforms shown in Fig 4.) 
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the 100-pF capacitor (C). Charging continues until the 
input pulse terminates, which causes A/s output to 
again go HIGH and cut off the current source. The 
voltage across the capacitor is then directly proportion¬ 
al to the input pulse width; S/H amplifier A 2 samples 
this voltage when A 3 generates the command shown by 
trace E. (Note the horizontal scalers change.) As’s input 
derives via a delay network from Ai’s inverting output, 
completing the sampling cycle. 

A 2 *s dc output voltage represents the most recently 
applied input pulse’s width. This voltage feeds to A 4 , 
which works with A 5 as a voltage-controlled pulse- 
width modulator. As’s output ramps positive (G) until 
reset by a pulse from A^. (A^ goes HIGH briefly (F) 
each time A^’s output (E) goes LOW.) To generate the 
circuit’s final output, A 4 compares A^’s output with A 2 ’s 
and produces a HIGH level (H) for a time linearly 
dependent upon A 2 ’s output. 

With the component values shown in Fig 3, the 
input-to-output time-amplification factor equals ap¬ 
proximately 2000. Thus, a l-|jLsec input yields a 
1.4-msec output. Absolute accuracy is 1% (10 nsec) 
referred to the input, and the measurement’s resolution 
extends down to 2 nsec. The 74121 one-shot’s 50-nsec 
pulse limits the minimum measurable pulse width. 

Control a pulse’s amplitude 

S/H amplifiers also make possible the amplitude- 
stabilized pulse generator shown in Fig 5; this circuit 
drives 200 loads at levels as high as lOV pk. The pulse’s 
adjustable amplitude remains stable over time, temper¬ 
ature and load changes. 

The circuit functions by sampling the output pulse’s 
amplitude and holding this value as a dc voltage. This 
voltage then connects to a feedback loop that controls 
the output switching devices’ supply voltage. 

Specifically, an input TTL-level pulse turns on output 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

100 nSEC/DIV 

B 

5V/DIV 

100 nSEC/DIV 

C 

5V/DIV 

100 nSEC/DIV 

D 

5V/DIV 

100-mSEC/DIV 

E 

50V/DIV 

500 mSEC/DIV 

F 

50V/DIV 

500 mSEC/DIV 

G 

20V/DIV 

500 mSEC/DIV 

H 

100V/DIV 

500 mSEC/DIV 


Fig 4—A sequence of events in Fig 3’$ circuit stretches a 
350-nsec input puise (A) by a factor of 2000. When triggered, 
comparator goes LOW (B). This action starts the 
recharging of a capacitor (C) after its previously stored 
charge has been dumped (D). When the input puise ends, 
the capacitor’s voltage is sampled under control of a delayed 
puise (E) derived from the input amplifier’s inverting output 
(F). The sampled and held voltage then turns off a 
voltage-controlled pulse-width modulator (G), and a 
stretched output pulse results (H). 

drivers Q 2 and Q 3 and simultaneously places S/H 
amplifier Ai in Sample mode. When the input pulse 
ends, Ai outputs a dc voltage that represents the output 
pulse’s amplitude. A 2 compares this level with the one 


Qi 



Fig 5—Puise-ampiitude control results when thisi circuit samples an output pulse’s amplitude and compares it with a preset 
reference level. When the output exceeds this reference, A^ readjusts switching transistor Q^’s supply voltage to the correct level. 
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Pulse-amplitude control r 

results from S/H designs 


established by the Amplitude Set adjustment; A 2 drives 
emitter follower Qi, which provides the dc supply 
voltage to output switches Q 2 and Q 3 . This servo action 
forces the output pulses^ peak amplitude to equal the 
“set” value, regardless of Qa's losses or output loading. 

Fig 6 ’s trace A shows the pulser’s overall output 
wave shape, and traces B and C detail the clean 50-nsec 
rise and fall times. (Note the horizontal scale change.) 

Input isolation made easy 

Fig 7 shows a powerful extension of the pulse- 
amplitude-control scheme that permits you to measure 
low-level signals (eg, thermocouple outputs) in the 
presence of common-mode noise or voltages as high as 
500V. Despite the input terminals’ complete galvanic 
isolation from the output, you can expect a 0 . 1 % 
transfer accuracy. And by using the optional low-level 
preamp (AO, you can measure inputs as low as 10 mV 
FS. 

The circuit works by generating a pulse train whose 
amplitude is linearly related to the input signal’s 
amplitude. This pulse train drives the input-to-output 
isolating transformer, Ti. Ti’s output, demodulated to a 
dc level, provides the circuit’s system-ground- 
referenced output. The pulse train’s amplitude is 
controlled by a loop similar to the one employed in the 
pulse-amplitude-servo design. Here, however, the 



trace 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

1 mSEC/DIV 

B 

10V/DIV 

100 nSEC/DIV 

C 

10V/DIV 

100 nSEC/DIV 


Fig 6—A 10V, 0.5A pulse (A) is amplitude-stabilized by the 
S/H technique depicted in Fig 5. Note the clean 50-nsec rise 
(B) and fall (C) times. 


Amplitude Set doesn’t appear, and the servo amplifier’s 
+ input becomes the signal input. 

Set up as an oscillator, A 2 generates both the sample 
pulse for S/H amplifier A 3 and the drive for switches Q 2 
and Q 3 (Fig 8 , trace A). The feedback to the 
pulse-amplitude stabilizing loop comes from Ti’s 
isolated secondary—a trick that ensures highly accu¬ 
rate amplitude-information transfer despite Ti’s or Q 2 ’s 
losses. 


LOW LEVEL 



NOTES 

ALL CAPACITORS IN UNLESS NOTED 

A, = LM11 

A 2 , A 4 = Vz LF353 

A 3 , A 7 = LF398 

As, Afi, Ag^ V4LF347 

DIODES = 1N4148 

= FLOATING GROUND 
^ = CIRCUIT & SYSTEM GROUND 
* = 1% RN60C FILM 
Ti^TRW TC-SSO-32 
Cr-0.33/.F typical 


Fig 7—Obtain input-signal isolation using this circuit's dual-S/H scheme. Analog input signals amplitude-modulate a pulse train 
using a technique similar to that employed in Fig 5’s design. This modulated data is transformer coupled—and thereby isolated—to a 
dc filter stage, where it’s resampled and reconstructed. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

50v;div 

100 mSEC/DIV 

B 

1V/DIV 

100 mSEC/DIV 

C 

50V/DIV 

100 mSEC/DIV 

D 

10V/DIV 

100 mSEC/DIV 

E 

5V/DIV 

100 mSEC/DIV 


Fig 8—Fig 7’s in-circuit osciilator (A 2 ) generates both the 
sampling pulse (A) and the switching transistors’ drive. 
Modulated by the analog input signal, Qz’s (and therefore 
h’s) output (B) is demodulated by S/H amplifier Aj. A 5 S 
output (C) and Ae’s input (D) and output (E) provide a 
delayed Sample command. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 mSEC/DIV 

B 

100V/DIV 


C 

5V/DIV 


D 

5V/DIV 


E 

5V/DIV 



Fig 9—Completely input-to-output isolated, Fig 7’s 

circuit’s analog input signai (A) is sampied by a clock pulse 

(B) and converted to a pulse-amplitude-modulated format 

(C) . After filtering and resampling, the reconstructed signal 

(D) is available smoothed (E). 


S/H amplifier A 7 demodulates the amplitude-encoded 
signal at T/s output (B) back to a dc level. output 
(C) and Ae's + input (D) and output (E) provide Ay's 
delayed Sample command. Ag furnishes an optional 


gain-trimmed and filtered output. 

Fig 9 illustrates the design at work. Here, the input 
signal (trace A) is a dc-biased sine wave. Trace B shows 
A 2 ’s output clock pulse, and A^s Sample command 


820k 2.7k 



A4A7= y4LF347 
Qi,Q2=LM395 
DIODES = 1N4148 
T, = STANCOR P8394 

T = YELLOW SPRINGS 44014 THERMISTOR 
* =TRW MAR-6 1% 

Fig 10—Tight temperature control results when high-voltage pulses synchronously drive a thermistor bridge—^ trick that increases 
signai levei—and are then sampled and used to control a pulse-width-modulated heater driver. 
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Sampling oven temperature 
tightens stability 


appears as trace C. A^s reconstructed output is shown 
as trace D and A^'s filtered output as trace E. 

Sampling holds the temperature 

The S/H-based high-stability oven-temperature con¬ 
troller shown in Fig 10 embodies two unusual concepts: 

• High-voltage, low-duty-cycle pulses drive the 
circuit's bridge and thus provide low power 
dissipation and high output levels. (In contrast, 
the power-dissipation limits of the resistors and 
thermistors in standard thermistor-bridge de¬ 
signs define the maximum dc bias level and 
therefore the maximum recoverable signal.) 

• A S/H amplifier performs as a synchronous 
detector in the circuit’s servo feedback loop. And 
because the sampling pulse establishes the 
design’s reference level as well as the sampling 
interval, even the usual drift problems don’t 
arise. 

The circuit generates pulses via the oscillator- 
Ai/amplifier-Qi combination, driving a standard 24V 
transformer (TO ''backwards.” The transformer applies 
a floating 100V pulse across the thermistor bridge. 
Because one side of the bridge’s output is grounded, 
this signal becomes the pair of complementary 50V 
pulses shown in Fig 11 (traces A and B). 

Amplified by A 2 (Fig 11, trace C), the bridge’s output 
feeds to S/H amplifier A3, whose dc output level equals 
A 2 ’s peak output. (The A 4 and A 5 stages and their 
associated RC networks control the timing of As’s 
Sample command (D).) After low-pass filtering, A^s 
output (E) connects to a pulse-width modulator 



TRACE 

VERTICAL 

HORIZONTAL 

A 

100V/DIV 

200 ^SEC/DIV 

B 

100V/DIV 

200 ^SEC/DIV 

C 

5V/DIV 

200 ^SEC/DIV 

D 

10V/DIV 

200 f^SEC/DIV 

E 

5V/DIV 

1 mSEC/DIV 

F 

10V/DIV 

1 mSEC/DIV 

G 

50V/DIV 

1 mSEC/DIV 


Fig 11—Driving a thermistor bridge with complementary 
high-voltage pulses (A and B) permits high-gain amplifica¬ 
tion without drift problems (C). Driven by a delayed Sample 
command (D), a SIH amplifier converts the bridge's error 
signal to a dc level (E) that controls a pulse-width-modulated 
heater driver (F and G). 


consisting of A^ and A7. As’s output periodically resets 
A 7 ’s output ramp (F). Ae’s output pulse (G) results from 
the comparison of As’s and As’s outputs and serves as 
the drive pulse for the heater control switch (Q 2 ). Thus, 
heater ON time is directly proportional to the 
thermistor bridge’s temperature-induced unbalance. 





1 SEC/DIV 


Fig 12—^Tight heater-to-thermistor coupling and careful 
calibration can provide rapid temperature restabilization. 
Here the controlled oven recovers within 2 sec after 
±0.002°C steps. 


Fig 13—The long-term stability possible with Fig 10's 
circuit is demonstrated by this recording of the oven’s 
temperature. Set at 50°C, the internal temperature stays 
within O.OOrC even though the exterior temperature varies 
by 6°C. 
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Oven temperature stabilizes 
within 2 sec 


Heater-to-thermistor thermal feedback completes the 
servo loop. 

To adjust the loop’s performance characteristics, 
apply small step changes in the temperature setpoint 
by switching a 10011 resistor in series with one of the 
bridge’s resistors. (For the thermistor shown in Fig 10, 
this modification produces a 0.02°C change.) While 
monitoring the loop’s response at As’s output, adjust 
the Gain and Time Constant potentiometers for 
minimum settling time. 

Fig 12 shows how the system stabilizes within 2 sec 
for both positive and negative steps. And Fig 13 
demonstrates the design’s very tight temperature- 
control capability. Set at 50°C, the oven’s interior 
temperature varies by less than O.OOrC even when the 
ambient temperature changes by 6°C. Although Fig 13 
shows only a a few hours of operation, the circuit 
continued this performance over a 48-hr test 
period. EDN 
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Signals & Noise 


Almost the same, but... 

Dear Editor: 

The two circuits described in 
Figs 12 and 13 in Jim Williams’s 
article on quad op amps (EDN, 
January 7, pg 159) were indeed 
practical—I’ve recently been 
using similar designs. 

My approach, however, sub¬ 
stitutes 791-type power op amps 
for the LF347s. This process 
enables me to eliminate the 
power-splitting resistors and 
substitute instead the 791’s 
internal current-sensing resis¬ 
tors. 

Sincerely yoursy 
Art Delagrange 
Naval Surface Weapons Center 
Dahlgren, VA 
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High-powered booster circuits 
enhance op-omp output 

Although modern 1C op amps simplify linear-circuit design, their 
output power is limited. Well-designed booster stages can solve 
this problem without sacrificing amplifier performance. 


Jim Williams, National Semiconductor Corp 

You can use the circuits presented here to substantially 
increase an IC amplifier’s voltage and/or current output 
drive. Although the circuits were developed to solve 
specific problems, they are general enough to satisfy a 
variety of applications. 

A booster is a gain stage with its own inherent ac 
characteristics. Therefore, in applying these circuits, 
you can’t ignore such parameters as phase shift, 
oscillation and frequency response if you want the 
booster and amplifier to work well together. Designing 
booster stages that maintain good dynamic perform¬ 
ance is a difficult challenge, especially because the 
booster circuitry changes with the application. 



TRACE VERTICAL 

A 10V/DIV 

(b) B 10V/DIV 



Fig 1—Complete with short-circuit protection and fully temperature compensated, a booster circuit (a) develops a ±200-mA 
output current. Even with a heavy load (50Q. in parallel with 10,000 pF), response is quick and clean (b); overall circuit distortion 
measures less than 0.05% (trace C). 
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Feedforward design technique 
increases current-booster speed 


Start with some current-gain stages 

The circuit shown in Fig- la boosts the output-current 
level of an LF356 (a unity-gain inverting amplifier) to 
±200 mA while maintaining a full ±12V output swing. 
In it, LM334 current sources, set for a 3.5-mA output 
by the 200 resistors, bias the complementary emitter 
followers, which provide drive and sink functions for 
the LF356 output. The RC feedback network creates a 
gain roll-off above 2 MHz. 

The circuit’s diodes satisfy several needs. Di and D 4 , 
along with their associated 2000 resistors, tempera- 
ture-compensate the current sources. D 2 and D 3 
eliminate crossover distortion in the output stage, 
while D 5 and De provide short-circuit protection by 
shunting the drive to Qi and Q 2 when the output current 
exceeds 275 mA. For best results, thermally couple D 2 
and D 3 to the transistors’ heat sinks. 

Circuit response (Fig lb) is quick and clean. When 
you drive a 20V p-p sine wave into a heavy load (500 in 
parallel with 0.01 fjiF), output distortion measures less 
than 0.05%. 

The circuit depicted in Fig 2 accommodates higher 
current applications; it drives 3A (±25V pk) into an 80 
load. As in Fig la’s design, the booster network— 
LM391-80 driver and associated power transistors— 


lies within the op amp’s feedback loop. Booster- 
network bandwidth, set by the 5-pF capacitor at pin 3 
of the LM391-80, is greater than 250 kHz. 

Feedback resistors set the loop gain at 10, with the 
100-pF capacitor introducing a roll-off at 100 kHz to 
ensure stability for the amplifier/booster combination. 
The output RC network, along with the 4-fxH inductor, 
prevents circuit oscillations. You set the output-stage 
quiescent current at 25 mA by monitoring the voltage 
drop across the 0.220 resistors while adjusting the 
lO-kO pot at pins 6 and 7 of the 391. 

How to increase speed 

These first two circuit designs stress stability at the 
expense of speed. For example. Fig la’s booster 
network has a much wider bandwidth than the LF356 
op amp. Unfortunately, the network’s presence within 
the amplifier’s feedback loop means that the LF356 
dictates overall circuit response time. 

However, there are ways to accentuate speed. In Fig 
3a, for example, a feedforward network lets ac signals 
bypass the LM308 op amp and directly drive a 
very-high-bandwidth 200-mA current-boost stage. And 
because the LM308 provides the signal path for dc and 
low frequencies, the circuit achieves fast response with 
no sacrifice in overall dc stability. 

Current sources Qi and Q 2 bias the complementary 
emitter followers (Qs/Qe and Q 4 /Q 7 ). Because this output 
stage introduces signal inversion, circuit output feeds 
back to the LM308’s noninverting input. The lO-kn/15- 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 nSEC/DIV 

B 

5V/DIV 

100 nSEC/DIV 


Fig 3—To increase speed, a booster circuit (a) employs a 
feedforward network that allows ac signals to bypass the op 
amp and directly drive the high-bandwidth current-boost 
stage. Driving a 10V pulse into 50Cl, the booster evidences 
clean settling characteristics (b); rise and fall times measure 
less than 15 nsec. 




Fig 4—If you need extra voltage, a booster design (a) develops ±100V across a 2-kCi load. And it readily accommodates 30-kHz 
signals (b). 
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Stacking amplifier outputs 
effectively doubles voltage swing 


pF RC network at the op amp’s input shunts the 308’s 
high-frequency inputs. These inputs go directly to the 
output stage via source follower Qg. 

Despite the added complexity, performance is im¬ 
pressive (Fig 3b). The boosted amplifier features a 
750V/fjLsec slew rate, full-power (±12V, 200 mA) 
bandwidth greater than 6 MHz and a 3-dB point beyond 
11 MHz. 

Voltage boosting presents no problems 

Turn now to voltage-boosting designs. Thanks to the 
gain provided by the Q 1 /Q 2 complementary common- 


base stage, the circuit shown in Fig 4a drives ±100V 
into a 2000 D load. Q 3 and Q 4 furnish additional gain to 
the Qt/Qs output stage, with Qs/Qe providing the bias. 
The diodes attached to Qs’s collector minimize crossover 
distortion. 

The circuit employs two feedback loops. Overall 
output-to-input feedback (returned to the LF357’s 
noninverting input to allow for the Q3/Q4 inverting 
stage) sets A/s gain at 10 to ensure specified output for 
±10V input signals. And local ac feedback around Ai 
adds dynamic stability. 

With a ±50-mA output level, the circuit also provides 
some current gain. If your application doesn’t require 
that capability, though, you can eliminate transistors Q 5 
through Qg (along with their associated components) 
and close the feedback loop from the Q3/Q4 collector line. 
However, to prevent crossover distortion, make sure 




Fig 5—Virtually immune to load shorts and reverse 
voltages, a positive-output-only booster (a) drives 350V into 
a SO-kCl load. With a 15V input pulse, the output rises in 1 
ijLsec and settles in less than 5 iJisec (b). The falling edge 
slews just as rapidly and settles within 4 [jLsec. 


Fig 6—Effectively double the voltage swing across a load 
by stacking or bridging amplifier outputs. Although this 
booster-circuit design is simple and requires no high-voltage 
supplies, you do have to float the load with respect to 
ground. 
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that resistive output loading doesn't exceed 1 MU, 

Fig 4b shows the boosted amplifier driving a ± lOOV 
square wave into a 2000 load at 30 kHz. A second 
high-voltage booster circuit (Fig 5a) drives 350V into a 
30-kH load and is virtually immune to load shorts and 
reverse voltages. And although the circuit has a 350V 
limit, tubes with higher plate-voltage ratings can 
extend the output capacity to several kilovolts. 

In Fig 5a, the tubes are arranged in a common- 
cathode (V 2 b), loaded-cathode-follower (V 2 a) output 
configuration driven from a common-cathode (Vi) gain 
stage. Booster output feeds back to the LF357’s 
noninverting input, with the 1-pF capacitor rolling off 
loop gain at 1 MHz. Local feedback stabilizes the 
LF357. The diodes at the summing junction protect the 
amplifier against high voltages during circuit start-up 
and slew-rate limiting. Fig 5b shows the booster’s 


response at a gain of approximately 25. 

In general, tubes are much more tolerant of load 
shorts and reverse voltages than transistors and are 
much easier to protect. In this circuit, one of the two 
LM335 temperature sensors is in contact with V 2 , and 
its output gets compared with that of the second 
LM335, which monitors ambient temperature. 

Under normal operating conditions, Vp runs about 
45''C above ambient temperature, generating a 
-100-mV signal at the LF3irs noninverting input and 
forcing its output low. When a load fault occurs, V 2 ’s 
plate dissipation increases causing its associated sen¬ 
sor’s output to rise. This action in turn forces the LF311 
output high, drives the LF357 output low and shuts 
down the output stage. V 2 ’s thermal time constant, 
along with the lO-MH/l-ixF delay network in the 
LF311’s input line, provides adequate hysteresis. 


lOpF 



OUTPUT IMPEDANCE—LESS THAN 10% OF RATED OUTPUT LOAD 
FREQUENCY REPONSE —10 Hz TO 100 kHz, - 1.0 dB 
16 Hz TO 60 kHz, -0.5 dB 
16 Hz TO 40 kHz, -0.1 dB 


Fig 7—Voltage and current boosting are a snap when you use a high-quality audio amplifier. For loads in the 4 to 160. range, this 
circuit produces 75W. 


BOOSTER-CIRCUIT PERFORMANCE 


FIGURE 

VOLTAGE GAIN 

CURRENTGAIN 

BANDWIDTH 

COMMENTS 

1 

NO 

YES (200-mA 
OUTPUT) 

DEPENDS ON OP 

AMP: 1 MHzTYP. 

FULL ± OUTPUT SWING. STABLE INTO 
50Q/10,000-pF LOAD. INVERTING 

AND NONINVERTING OPERATION. SIMPLE. 

2 

YES (± 30V 
OUTPUT) 

YES (3A 

OUTPUT) 

50 kHz 

FULL ± OUTPUT SWING. ALLOWS 

INVERTING OR NONINVERTING OPERATION. 

3 

NO 

YES (200-mA 
OUTPUT) 

FULL OUTPUT TO 

6 MHz, -3-dB 

POINT AT 11 MHz. 

ULTRAFAST. 750V/mSEC. FULL 

BIPOLAR OUTPUT. INVERTING 

OPERATION ONLY. 

4 

YES (100V 
OUTPUT) 

YES (50-mA 
OUTPUT) 

50 kHz 

FULL ± OUTPUT SWING. ALLOWS 

INVERTING OR NONINVERTING OPERATION. 

CAN BE SIMPLIFIED TO DRIVE CRT 

DEFLECTION PLATE. 

5 

YES (350V 
OUTPUT) 

NO 

500 kHz 

OUTPUT VERY RUGGED. GOOD SPEED. 

POSITIVE OUTPUTS ONLY. 

6 

YES (24V 
OUTPUT) 

NO 

DEPENDS ON 

OP AMP 

REQUIRES THAT THE LOAD FLOAT 

ABOVE GROUND. 

7 

YES {70V 
OUTPUT) 

YES (3A 
OUTPUT) 

100 kHz 

OUTPUT EXTREMELY RUGGED. WELL 

SUITED FOR DRIVING DIFFICULT LOADS 

IN LAB SETUPS. FULL BIPOLAR 

OUTPUT. AC ONLY. 

8 

YES (1000V 
OUTPUT) 

YES {300-mA 
OUTPUT) 

50 Hz 

HIGH VOLTAGE AT HIGH CURRENT. 
SWITCHED-MODE OPERATION ALLOWS USE 

OF ± 15V SUPPLIES. GOOD EFFICIENCY. 

LIMITED BANDWIDTH WITH ASYMETRICAL 
SLEWING. POSITIVE OUTPUTS ONLY. 
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Designs boost current 
and voltage simultaneously 


Multifunction boosting’s aiso possibie 

Three additional circuit designs all provide combined 
current- and voltage-output boosting. Fig 6, for 
example, depicts a simple way to effectively double the 
voltage swing across a load by stacking or bridging 
amplifier outputs. Each LF412 output feeds an LH0002 
amplifier to provide current-drive capability. Because 
only one of the LF412s inverts, thpugh, the combina¬ 
tion produces 24V across the 25011 load (±12V swings 
from each leg). 

The circuit is simple and requires no high-voltage 
supplies. However, you must float the load with respect 
to ground. 

Fig Ts circuit uses a high-quality audio amplifier as a 
current-voltage booster for ac signals. (The McIntosh- 
75, with its transformer-isolated output and clean 
response, is a venerable favorite in research labs.) The 
LF356 op amp’s loop is closed locally at a dc gain of 100 
and rolled off at 50 kHz by the 200-pF capacitor. 
Booster output from the audio amplifier feeds back via 
a 100 -kfl resistor to set overall ac gain at 100 . 

This design is an excellent choice for laboratory 
applicationsbecausethe vacuum-tube-driven, transform¬ 
er-isolated output is extremely forgiving and almost 
indestructible. You can use this booster to power ac 


variable-frequency supplies and shaker-table, motor 
and gyro drives, as well as other difficult-to-handle 
inductive and active loads. Power output into 4 to 1611 
loads equals 75W; you can drive 111 loads at reduced 
power output levels. 

In Fig 8a, the LF411 op amp controls as much as 
300W for positive outputs ranging to lOOOV. The 
booster achieves this performance without sacrificing 
efficiency because it operates in switching mode. 
Additionally, it requires only ± 15V supplies to develop 
its high-potential outputs. 

An integral dc/dc converter directly generates the 
required high output voltage. The LM3524 regulator 
chip pulse-width-modulates transistors Qi through Q 4 to 
provide switched 20-kHz drive to the stepup transform- 



trace! 

1 VERTICAL 

1 HORIZONTAL 

A 

B 

10V/DIV 

500V/DIV 

lOmSEC/DIV 

10 mSEC/DIV 


1M 



Fig 8—Operating in switching mode, a high-power booster design (a) features 300W (1000VI300 mA) output capability. 
Performance is impressive (b): Output rise time equals 1 msec, while fall time measures about 10 msec (due to capacitor discharge 
time). Slew-rate limiting comes into play during output-pulse rise time—toroid switching action is barely visible on the output pulse's 
leading edge. (Caution: Output levels are lethal!) 
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Watch out for lethal 
voltage levels 


er. The transformer output, rectified and filtered, feeds 
back to the LF411, which controls the LM3524 input. 
Therefore, op-amp feedback action has the same 
stabilizing effect found in the previous circuit designs. 

Two protection networks are provided. The Qs/diode 
combination clamps the LF411 output to prevent 
LM3524 damage during circuit start-up. And the diode 
at the LF41Fs summing junction prevents high-voltage 
transients coupling through the feedback capacitor 
from destroying the amplifier. 

For the component values shown, the circuit exhibits 
a full-power sine-wave output frequency of 55 Hz. 
Resistor feedback sets amplifier gain at 100, so a lOV 
input produces a lOOOV output. Although the 20-kHz 
switching rate sets the upper limit on loop information- 
transmission speed, the I-jjlF capacitor at the output 
restricts circuit bandwidth. Fig 8b shows the LF41Fs 
boosted response with a lOV pulse applied to the circuit 
input. 

A word of caution: Approach the construction, 
testing and applicaton of this circuit with extreme care. 
The output potentials developed are far above lethal 
levels. 

As a design aid, the table summarizes pertinent 
points discussed in this article. Using it can greatly 
simplify the task of matching a booster circuit to your 
application. IDW 
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PiezcKeromics plus fiber optics 
boost isolation voltoges 

Overcoming traditional magnetic-transformer drawbacks, a 
novel isolation-amplifier design hikes voltage-breakdown limits 
more than tenfold by incorporating a piezoceramic-based 
acoustic transformer and a fiber-optic link. 


Jim Williams, National Semiconductor Corp 


When standard parametric or isolation amplifiers don^t 
adequately isolate or protect your analog measurement 
systems, the circuit design described in this article can 
help. Although typical isolation amplifiers achieve 
about a 2.5-kV max isolation voltage, this one can 
handle 20- to 100-kV breakdown limits. It incorporates 
a piezoceramic material structured as an acoustic 
transformer and a fiber-optic lightpipe. 



Fig 1—A traditional isolation amplifier u^es dual trans¬ 
formers to separate the input-signal line from the power and 
output-signal lines. This approach typically results in about a 
2.5-kV max input-isolation voltage. 


Isolation amplifiers find use mainly in assuring safe 
and reliable analog measurements. They surmount the 
problems of high common-mode voltages in applications 
such as medical test instruments and completely isolate 
or interrupt ground loops or paths in equipment such as 
that used in industrial process-control systems. 

Designing isolation amplifiers mandates careful at¬ 
tention to two key factors: isolating the power supply 
from the input-signal line and galvanically separating 


the input- and output-signal lines. The first half of the 
task generally involves the most effort. 

Input isolation proves complex 

Conventional isolation amplifiers employ a magnetic 
transformer to convey power to the circuit's floating 
front end (Fig 1). Although this transformer galvani¬ 
cally separates the power supply from the input 
terminals, it increases in size and cost when common¬ 
mode voltages exceed about 2.5 kV. Moreover, its 
leakage currents can total as much as 2 |ulA. 

To separate the input- and output-signal lines, 
conventional isolation amplifiers modulate the floating 
front end’s output onto a carrier signal. This signal 
traditionally passes via another magnetic transformer 
to the circuit’s output terminals* Modulation schemes 
include pulse width, pulse amplitude and voltage to 
frequency. Here again, though, magnetic transformers 
become bulky and inefficient as common-mode voltages 
and leakage currents rise. And isolation limits depend 



=ig 2—Able to perform as acoustic transformers, piezoceramic 
naterials come in various sizes and shapes, such as this thin bar and 
thick toroid (shown with a ballpoint pen for dimensional reference). 
Observe that two pairs of leads make input and output connections to 
each piece of piezoceramic material. 
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Traditional isolation amplifiers 
employ magnetic transformers 


on the transformer’s breakdown rating. 

Even when an optoisolator replaces the modulation 
transformer with a frequency- or light-intensity-coding 
approach, power requirements for operating the float¬ 
ing front end still require the power transformer. 
What’s more, optoisolators arc under excessive com¬ 
mon-mode voltages. 

Other methods for transmitting electrical energy 
with high isolation exist, such as using microwave 
devices and solar cells, but they prove expensive, 
inefficient and impractical. Batteries are an alternative 
power source, but they have maintenance and reliabiliy 
limitations. 



NOTES: 

Ai, A2=LF353 dual 
ALL DIODES = 1N4148 

* =1% METAL-FILM RESISTOR 
^ = FLOATING COMMON 
T =AMPLIFIERGROUND 

CAPACITORS IN ^F UNLESS NOTED 


Fig 4—An innovative isolation-amplifier design employs piezoceramic material as an acoustic transformer and a fiber-optic 
lightpipe to separate the input-signal line from the power and output-signal lines, respectively. In this approach, breakdown-voltage 
limits escalate to 20 to 100 kV. 



Fig 3—This typical load line traces an acoustic transform¬ 
er’s performance at resonance. Note that for a constant 3V 
rms drive voltage and a varying 1- to lOO-kQ load resistance, 
the acoustic transformer draws up to 10 mA as its output 
voltage increases to 20V. 
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TRACE VERTICALf HORIZONTAL 

A r 5V/D1V I 5 ^SEC/DIV 
B I 10V/DIV I 5mSEC/DIV 


Fig 5—The 2N2222A transistor’s output (from Fig 4’s 
circuit) shows an irregularly shaped sine wave (trace A) 
delivered to the acoustic transformer's input. The transform¬ 
er’s high-Q properties cause it to filter and amplify the 
waveform into a smooth sinusoid (B) at its output. 


Fig 6—Trace A depicts the LM331 voltage-to-frequency 
converter’s output (from Fig 4’s circuit). This output drives 
the LED that couples to the fiber-optic lightpipe. Trace B 
indicates the LED’s current waveform. Whenever the con¬ 
verter’s output is LOW, the LED saves power by passing an 
extremely narrow (20 mA) light-encoded pulse. 
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TRANSFORMER 


LM135 


10 kV WITH RESPECT 
TO GROUND 




INPUT 

COMMON 


ISOLATION AMPLIFIER 


FLOATING 

POWER 


AMPLIFIER 

POWER 


ACOUSTIC 

TRANSFORMER 


VOLTAGE* 

TO-FREQUENCY 

CONVERTER 


FREQUENCY- 
TO-VOLTAGE 
CONVERTER 


GROUND-REFERENCED 

TEMPERATURE-INFORMATION 

OUTPUT 

-o 


Fig 7—To monitor an electric-utility transformer’s winding temperature, this acoustic-transformer-based isolation amplifier 
permits the LM135 temperature sensor—which floats at 10 kV—to generate a safe ground-referenced output. 


Acoustic transformers surpass magnetic types 

To achieve very high common-mode voltage but 
extremely low leakage current, the ideal electrical 
energy transfer device should permit easy implementa¬ 
tion, operate efficiently and inexpensively and provide 
virtually complete isolation. 

An acoustic transformer meets these goals by taking 
advantage of certain ceramic materials’ piezoelectric 
characteristics. Although piezoelectric materials have 
long been recognized as electric-to-acoustic and acous- 
tic-to-electric transducers (eg, microphones and buzz¬ 
ers), their use for electric-to-acoustic-to-electric energy 
conversion has not been emphasized. This conversion 
sequence capitalizes on ceramic materials’ unique 
conductive nature; they furnish excellent electrical- 
insulation and acoustic-conduction properties. 

In an acoustic transformer, acoustic waves and 
nonconducting piezoceramics serve in place of a conven¬ 
tional transformer’s magnetic flux and conductive core. 
Fig 2 shows two acoustic-transformer types; you make 
either type by merely bonding a pair of leads to each 
end of the piezoceramic material. 


Tests reveal that this material’s electrical resistance 
exceeds primary-to-secondary capacitance typi¬ 

cally measures a few picofarads. The material’s physical 
properties and configuration determine its resonant 
frequency as a transformer. 

In operation, an acoustic transformer employs an 
oscillator-driven piezoelectric resonator at one end of 
the ceramic material. The resonator sends acoustical 
energy along the material at about 150 kHz. At the 
other end, an identical resonator receives the acoustical 
energy and converts it back to electrical energy. After 
rectification and filtering, the electrical energy powers 
the isolation amplifier’s front end. 

With this approach, isolation amplifiers can achieve 
breakdown limits greater than 20 kV, using piezocer¬ 
amic material 0.25 to 12 in. long. In fact, meticulous 
designs have achieved isolation voltages as high as 100 
kV. 

As an additional advantage, acoustic transformers 
cost less than their magnetic counterparts. Further, 
they possess higher operating efficiency because the 
piezoceramic material is tuned to its natural resonance 
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An acoustic transformer isolates 
the power supply from the input 


point. 

Fig 3 depicts a typical acoustic transformer’s output 
characteristics when driven at resonance. Note that the 
transformer’s power-transfer efficiency can exceed 
75%, depending on load conditions. Short-circuit output 
current for this device equals 35 mA. 

Fiber optics upgrades input/output isoiation 

The other key design factor in designing isolation 
amplifiers—nearly total input-to-output line separation 
—is accomplished via fiber optics by stretching both 
lines further apart than an optoisolator can. This 
optical-encoding method works as it would in a typical 
optoisolator, but with an increased distance between 
transmitter and receiver yielding higher isolation 
voltages. 

In practice, a light-emitting diode (LED) transmits 
optically encoded signals through a single-fiber cable to 
a photodiode receiver. The exact cable length depends 
on the particular circuit requirements. 

Put it all together 

Combining an acoustic transformer and a fiber-optic 
link in an isolation amplifier (Fig 4) extends conven¬ 
tional breakdown limits by more than a factor of 10. In 
this circuit, the acoustic transformer’s high-Q charac¬ 


teristics allow self resonance in a manner similar to that 
of a quartz crystal. Resonance eliminates the need for a 
stable oscillator to drive the acoustic transformer. 

To start operation, the 2N2222A transistor excites 
the piezoceramic transformer’s primary (Fig 5). At the 
secondary, four diodes and a capacitor rectify and filter 
the transformer’s electrical output. This output in turn 
energizes the LM331 V/F converter. 

The converter transforms its amplitude-based input 
signal into a frequency-based output. This signal then 
drives an LED, whose output travels along a fiber-optic 
cable. 

Each time the V/F converter’s output goes LOW, a 
narrow (20-mA) spike passes through the LED via the 
0.01-[jlF capacitor (Fig 6). This short duty cycle keeps 
the average current value small, minimizing power 
requirements. 

At the receiver end, a photodiode detects the 
light-encoded signals. It in turn passes the signals to 
the LM331 for demodulation. 

Amplifier accommodates varied uses 

An acoustic-transformer/fiber-optic isolation amplifi¬ 
er finds use in diverse applications. In one example, an 
LM135 transducer tracks the winding temperature of 
an electric-utility transformer operating at 10 kV (Fig 
7). The transducer’s output biases the isolation amplifi¬ 
er’s input. Temperature information at the amplifier’s 
output is thus safely referenced to ground. 

In another ground-referenced application, the isola¬ 
tion amplifier’s high-common-mode voltage blocking 



Fig 8—^The piezoisolation amplifier in this application provides a ground-referenced feedback path for the 5-kV regulated power 
supply. The power supply's output thus fully floats. 
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A fiber-optic link galvanically 
separates output and input lines 


INPUTS 



LINE 

Fig 9—Production-line test equipment for checking CMOS 
products is fail-safe isolated via a piezoisolation amplifier. 
This amplifier keeps static discharge away from the sensitive 
CMOS parts even when the test equipment develops a ' 
substantial charge. 


allows a 5-kV regulated power supply’s output to fully 
float (Fig 8). Here, a push/pull dc/dc converter 
generates the high-voltage output. The isolation ampli¬ 
fier provides a ground-referenced output-feedback 
signal to op amp Ai, which controls the transformer’s 
drive, completing the feedback loop. 

For a fail-safe test application, an acoustic/fiber-optic 
amplifier isolates instrument inputs connected to 
CMOS ICs on a production line (Fig 9). This arrange¬ 
ment prevents static-discharge damage, even when the 
instruments have accumulated a substantial 
charge. EDN 
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Employ pulse-width modulators 
in Q wide range of controllers 

Generally considered a power-supply controller, the 
pulse-width modulator suits many other applications such as 
lamp-intensity control and motor-speed regulation. 


Jim Williams, National Semiconductor Corp 

By applying the pulse-width-modulator (PWM) capabil¬ 
ities that serve so well in high-efficiency power 
supplies, you can control many diverse functions. PWM 
ICs such as the LM3524 contain several operational 
blocks (see box, ''A pulser plus”), giving them the 
versatility to simplify control tasks. 

Level a lamp’s luminosity 

As a first example, consider what happens when 
evaluating optoelectronic sensors or trying to accurate¬ 
ly duplicate a 35-mm color slide. The light source used 
must maintain constant intensity. Fig 1 demonstrates 
how you can combine a PWM with a photodiode/ 
amplifier stage to servo-level a lamp’s output intensity 
and thereby meet this need. 

In this design, the LF356 op amp functions as a 
current-to-voltage converter. Thus, as the lamp’s 


output increases, the resulting higher radiant energy 
causes the photodiode to draw more current out of the 
op amp’s sumrning junction. The amp responds by 
generating a positive-going output voltage that feeds 
back into the input and re-establishes the summing 
junction’s requisite zero balance. 

The op amp’s output voltage—a function of the 
photodiode’s light-induced current flow—also feeds the 
PWM’s on-chip error amplifier. This amplifier com¬ 
pares the unknown voltage at pin 1 with the intensity- 
control value set by the 2.5-kfl potentiometer. (Note 
that the reference voltage for the intensity setting 
comes from the PWM’s on-chip 5V supply.) This error 
voltage, amplified by approximately 70 dB as deter¬ 
mined by the 1-Mfl resistor loading pin 9, controls the 
PWM’s ON time. 

in addition to the l-MO resistor, a 0.001-|jlF 
capacitor loads pin 9. This RC combination provides the 
feedback loop with the proper frequency compensation 


33k, 1 % 



Fig 1—A lamp’s Intensity remains constant when you drive the lamp with a pulse-width modulator (PWM) in an optical 
closed-loop feedback scheme. Here the PWM's ON time is controlled by comparing a photodiode’s output with a preset intensity 
reference level. 
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Pulse-width-modulate a lamp 
to keep its brightness constant 


by rolling off with a 1-msec time constant. Similarly, 
the 5.6-kn/0.01-[JiF combination connected to pins 6 and 
7 sets the PWM's oscillator frequency to about 30 kHz. 

The lamp is driven by a combination of the IC’s 
on-chip transistors and a discrete 2N2219. Fig 2a shows 
the design's servo action; note that when the 2N2219’s 
collector pulses ON (upper trace), the LM356's output 
ramps up rapidly (lower trace). But when the drive 


ramps up rapidly (lower trace). But when the drive- 
transistor turns off, the resultant negative-going signal 
ramps much slower because the lamp accepts energy 
more readily than it gives energy up. 

Figs 2b and c better illustrate the lamp's action. 
Here the servo loop is artificially upset by introducing 
an external pulse via Fig I's circuit's Step Test port. As 
shown in Fig 2b, when the input pulse (upper trace) 
goes HIGH, the diode blocks any bias injection, and the 
op amp's output (lower trace)—and therefore the lamp's 
brightness—remains constant. However, when the 
input piilse goes LOW, current flows out of the 
intensity-control potentiometer's wiper via the 22-kn 



Pulse-width-modulator ICs contain several sense-and-control function blocks that 
extend the device’s capabilities to other application areas. Error-voltage-amplifying, 
current-sensing and logic-level-shutdown stages-are part of the chip’s resources. 


A pulser plus 

Pulse-width-modulator (PWM) ICs 
—such as the LM3524—Include 
several on-chip function blocks 
that aid application to circuit de¬ 
signs other than regulated power 
supplies. By gaining an under¬ 
standing of these circuits’ opera¬ 
tion, you’ll discover how to employ 
a PWM in many applications. 

The figure depicts the PWM’s 
major functions: 

• An on-chip voltage regulator 
supplies a stable 5V, 50-mA out¬ 
put for external usage in addition 
to handling all on-chip supply 
requirements. Capable of operat¬ 
ing over an input voltage range of 
8 to 40V (pin 15), this stage’s 
output (pin 16) varies no more 
than 30 mV with a varying input. 
Thus, it provides an excellent 
reference level for closed-loop 
feedback schemes. 

• The differential-input trans¬ 
conductance error amplifier (pins 
1 and 2) has a typical open-loop 
gain of 80 dB. Because the stage’s 
output impedance equals ap¬ 
proximately 5 Mn, you can tailor 
its gain-vs-frequency characteris¬ 
tics by adding a suitable RC 
network to its output at pin 9. 
Additionaliy, you can override the 
amplifier’s effects by applying a dc 
signal directly to pin 9 ahd thereby 
forcing the 1C to a specific output 
duty cycle. This stage’s common¬ 
mode input voltage can range 
from 1.8 to 3.4V. 

• The current-limit (CL) com¬ 
parator (pins 4 and 5) can override 
the error amplifier and take control 


of the output’s duty cycle. This 
takeover occurs when the inher¬ 
ent 200-mV threshold is exceed¬ 
ed. At that level, the output’s pulse 
width decreases to approximately 
25%. And if the input signal in¬ 
creases to 210 mV, the output’s 
duty cycle drops to 0%. 

• The oscillator generates the 
comparator’s reference ramp and 
the toggle (T) flip flop’s clock 
signal. Set by timing capacitor Cj 
(pin 7) and resistor Rj (pin 6), the 
oscillator’s frequency ranges from 
at least 1 kHz to 300 kHz. With the 
oscillator’s output pulse (pin 3), 
you can disable (“blank”) tran¬ 


sient-sensitive external circuits 
during the PWM’s switching 
phase. 

• The pair of alternately 
switched output transistors con¬ 
siderably extends the device’s 
versatility by providing two control 
options; First, by connecting the 
transistors in parallel, you can 
achieve output pulse-width duty 
cycles spanning 0 to 90% at a 
100-mA peak current; second, 
you can operate these transistors 
independently in a push/pull con¬ 
figuration. Under these conditions, 
you can vary the duty cycle for 
each device from 0 to 45%. 
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resistor. This action causes the servo loop to lower the 
drive level to the lamp proportionately. 

Note again how the lamp’s ON and OFF times differ. 
But at high intensity levels, the lamp’s on/off character¬ 
istics reverse themselves (Fig 2c) because the lamp 
then acts as a more efficient radiant-energy source. 

fjiPs read pulse width vs temperature 

In a second application, a fxP-based data-acquisition 
system can directly monitor a wide temperature range, 
using Fig 3’s design. The temperature transducer, an 
LM135 IC, provides a highly linear 10-mV/°K output 
voltage over its calibrated range of -55 to + 150°C. (You 
can operate the IC to 200°C on an intermittent basis.) 
The voltage-to-pulse-width conversion circuits—the op 
amp, PWM and associated networks—can convert any 
slowly changing 0.1 to 5.0V input signal to a 0 to 
500-fxsec-wide output pulse with 0.1% linearity. Thus, 
this scheme satisfies many data-acquisition require¬ 
ments without modification; just connect an unknown 
signal to the 100-kfl input resistor. 

In Fig 3’s configuration, the input resistor string 
divides down the temperature transducer’s output and 
applies it to the op amp’s noninverting (+) input. This 
positive input voltage, once amplified, directly drives 
the PWM’s on-chip comparator. (The on-chip error 
amplifier isn’t used because its limited common-mode 
input range of 1.8 to 3.4V can’t encompass the overall 
design’s full capability. The off-chip LM358, on the 
other hand, handles inputs down to OV.) 

The PWM responds to a variable input voltage by 
generating a variable-width output pulse: O.IV yields a 
zero-width output pulse and 5V produces a 500-fxsec- 
wide output. The resulting TTL-compatible output 
pulse is clipped to 1.235V by the LM185 and integrated 
by the 1-MI1/0.1-|jlF network. This dc feedback voltage 
gets summed at the op amp’s inverting (-) input and 
linearizes the voltage-to-pulse-width conversion. (The 
1000-pF feedback capacitor provides loop stability.) 
Adjusting the converter to data-acquisition require¬ 
ments proves simple: Trim the 5-kfl potentiometer for 
the proper pulse width at a known input temperature. 

Pulse-width-control an oven 

Fig 4 shows how you can regulate an oven’s 
temperature using just the pulse-width-modulator chip. 
Here, a platinum resistance temperature detector 
(RTD) functions as the variable element in a resistive- 
bridge circuit. When you first apply power, the 
RTD—with its positive temperature coefficient—has a 
lower resistance than the corresponding 2-kfl resistor 
in the bridge, and as a result, the LM3524’s + input is 
at a more positive voltage than its inverting input. This 
imbalance forces the PWM’s output pulse to its 
maximum value of 90%; it also turns on the 2N3507 
power transistor and thus the oven’s heater. When the 
oven reaches its operating temperature, the servo shuts 
down to the value needed to maintain temperature 
equilibrium. 

The 330-kfl/4.7-fxF combination sets the servo’s gain 
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Fig 2—A closed-loop-servo design closely tracks and 
corrects for a lamp’s changing intensity. As shown in (a), 
when Fig 1 's lamp-driver transistor pulses ON (upp^r trace), 
the loop amplifier’s output starts ramping up to re-establish 
the loop’s stability. Note how the lamp’s turn-on time is 
shorter than its turn-off time when operating at low intensity 
levels (b). This situation reverses (c), however, at high output 
levels. 
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TH ERMAL FEEDBACK PATH 

p15V 


HEATER 



2N3507 


NOTES: 

* =TRW MAR-6 NETWORK 
2k, 0.1% EACH 
RTD = ROSEMOUNT TYPE 
1436MA-lb00 
ALL CAPACITORS IN mF 


Fig 4—An oven’s temperature remains constant to within 
O.rC when a pulse-width modulator (PWM) controls the 
heater’s power. Switching at 15 kHz, the PWM obtains the 
error signal from a platinum resistance temperature detector. 


Hold an oven to within 0.1 °C 
using an RTD and one 1C 


to approximately 55 dB at 1 Hz—more than adequate- 
for most applications. Similarly, the 2.7-kfi/0.2-(jLF 
timing components set the pulse’s frequency to approxi¬ 
mately 15 kHz, a point far removed from the servo’s 
1-Hz pole frequency. If you maintain a close thermal 
proximity between the RTD and the heater, this design 
easily maintains a 0.1°C control point over widely 
varying ambient temperatures. 

A tachless motor controller 

A tachometer or other speed-sensing device isn’t 
necessary when you employ Fig 5’s motor controller. 
Instead of a tach, this scheriie uses the motor’s back 
EMF to bias the feedback loop that governs the motor’s 
speed. 

When you apply power, the PWM’s + input lies at a 
higher potential than its - input. The PWM outputs a 
90% ON pulse that (via the 2N5023) starts the motor 
turning (Fig 6) and feeds the lOOO-pF/500-kfl differen¬ 
tiator network. The LM393 compares this level with 
the PWM’s 5V reference, and the resulting delayed 
pulse triggers the LF198 sample-and-hold (S/H) device. 
As shown in Fig 6’s waveforms (traces b and d), the S/H 
IC is triggered HIGH (ON) just as the 2N5023 stops 
supplying current to the motor (traces a and c). At this 
instant, the motor coils generate a flyback pulse that’s 
damped by the shunt-opposed diode. But even after the 
flyback pulse decays, the motor’s back EMF remains, 
and this voltage, held by the S/H chip when the trigger 
pulse ceases, then controls motor speed. 

The lO-kn/4-kn divider attenuates the motor’s back 
EMF to ensure that the S/H output doesn’t exceed the 
PWM’s common-mode input range. Additionally, the 
S/H’s output is filtered to keep things quiet during the 
sampling period and clamped to prevent any negative¬ 
going signals from damaging the PWM input. (The 


S/H’s 10-Mft bleeder resistor prevents the servo from 
never achieving stability in the unlikely event that the 
0.01-(jlF sampling capacitor charges to a level greater 
than the motor’s back EMF.) The 39-kn/100-|xF time 
constant sets the loop’s frequency response, and the 
60-kn/0.1-|xF combination determines the pulse-modu¬ 
lation frequency (300 Hz). You avoid overshoot prob¬ 
lems and aid the loop’s transient response by employing 
the 2-kft resistor divider and diode network; this 
configuration limits the maximum output duty cycle to 
80%. 

Supply analog circuits at ±15V 

Analog designers interested in the previous circuit 
seldom have much use for the 5V-only dc power 
supplies that digital designs thrive on. They will, 
however, find plenty of use for Fig 7’s design; it 
converts a 5V source into a '±15V, 100-mA supply 
suitable for analog designs. 



TTL 

OUTPUT 


Fig 3—^Temperature-to-pulse-width conversion results when an LM135 transducer provides a temperature-dependent error signal 
directly to the pulse-width modulator’s comparator input. The TTL output’s pulse width varies from 0 to 500 (xsec for a 0.1 to 5V input 
swing at point A. 
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sample/hold stage (Fig 6), the smoothed error signal feeds 
the pulse-width modulator’s control input. 


(a) 

<b) 


(c) 

<d) 


Unlike the previous examples, the LM3524’s on-chip 
output transistors here operate out of phase to provide 
a pulse-width-modulated push/pull signal to the trans¬ 
former's driver transistors. Switching at 30 kHz, the 
transformer's output is rectified and filtered to obtain 
complementary but unregulated dc output voltages. 
The 15V output feeds back via an adjustable resistor 
divider and is compared with a reference voltage by the 
PWM's error amplifier. (The reference must stay at 
2.4V to ensure that the error amplifier operates within 
its common-mode range.) This feedback loop regulates 
the +15V output, and an LM137 supplies the -15V. 

Overcurrent protection results when the PWM's 
on-chip current-limit comparator senses a 200-mV level 
across the 2N2219s' 0.33fl emitter resistor. When the 
current exceeds this threshold level, the comparator 
shuts down the chip's internal drivers and thus the 
entire converter. You can disable the converter during, 
for example, power-up sequencing by applying a 
TTL HIGH at pin 10. EDN 


Author’s biography 

Jim Williams, applications 
manager with National Semi¬ 
conductor’s Linear Applica¬ 
tions Group (Santa Clara, 

CA), specializes in analog- 
circuit and instrumentation de¬ 
velopment. Before joining the 
firm, he served as a consul¬ 
tant at Arthur D Little Inc and 
directed the Instrumentation 
Development Lab at the Mas¬ 
sachusetts Institute of Tech¬ 
nology. A former student of psychology at Wayne State 
University, Jim enjoys tennis, art and collecting antique 
scientific instruments in his spare time. 




Fig 6—The motor’s back EMF is sampled (traces b and d) 
at the time Fig S's motor-drive transistor stops conducting 
(traces a and c). Although the motor generates a flyback 
pulse when the drive current stops, the remaining back 
voltage is what's held. 


Article Interest Quotient (Circle One) 
High 473 Medium 474 Low 475 



STROBE 

INPUT 


O 


2 X LM385 


30k 1% 10k ADJ 




-015V 

OUTPUTS 

-0-15V 

120 

2k 

ADJ 


NOTE: 

T, = MICROTRAN TYPE M-8122. 
CAPACITORS IN mF 


Fig 7—Convert a 5V digital-IC power supply into a ±15V analog supply by using a pulse-width modulator to control the driver 
transistor’s ON time. The PWM compares the 15V output against a reference and adjusts its output pulse widths accordingly. 
Overcurrent protection comes from sensing the driver transistors’ emitter current, and a TTL-level input permits power-up 
sequencing. 
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Increase your design options 
with onoiog-MUX ICs 

Useful for more than commutating analog signals in data-acquisition 
systems, multiplexer ICs can also provide alternative and often 
superior solutions to many desigri problems. Applications 
range from servo positioning to waveform synthesis. 


Jim Williams, National Semiconductor Corp 

An analog data-multiplexer (MUX) IC’s capabilities 
provide you with an additional tool for solving a range 
of diverse design problems. These features—fast 
multipole switching, high input-to-output isolation and 


direct digital interfacing—allow you to achieve some 
interesting and useful circuit realizations. 

The design shown in Fig 1, for example, uses an 
8-pole MUX in an arrangement that permits setting a 
servomotor in any of eight predetermined positions. 
You can preset these positions—via potentiometers Ri 



NOTES: 

Ai = LF444 
A2 = LF441 

UNMARKED DIODES =1N4148 

Qi =2N5023 

Q2=LM395 

Q3 = 2N2222 

Ri-Rg = 50k 

Rg^SPECTROL 500-173, 5k 
M = MOTORDYNE 1150-1 


(a) 


Fig 1—A servomotor’s shaft position settles into one of 
eight MUX-seiected locations when a motor-driven potenti¬ 
ometer (Rg) balances out the addressed potentiometers' 
preset level (a). Driven by a Shift pulse (b), the counter 
sequentially selects—via the MUX—each reference voltage. 



VERTICAL HORIZONTAL 

(b) 2V/DIV 200 mSEC/DIV 
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ANALOG 

INPUTS 



) OUTPUT 


CAPACITOR 

Ci 1000 pF 
C2O.OI 
C3 0.1 fxF 

C 4 IMF 


LF13509 


ACQUISITION 
TIME TO 0.01% 

iO fiSEC 
25 fiSEC 
300 fxSEC 
3 mSEC 


DROOP RATE 

(V/SEC) 

30 mV 
3 mV 
300 mV 
30 mV 


Fig 3—A multiplexer selects this sample/hold amplifier’s 
1-of-4 inputs and its acquisition time. Requiring only a 2-bit 
address, the 4-channel MUX can apply any hold capacitor to 
any input signal. 


Analog-multiplexer ICs steer 
servomotors to random positions 


through Rs—and then sequentially home the motor in. 
And because the drive circuits are complementary, the 
motor can run bidirectionally. 

Assume power has just been applied and the 
counter's output is 0000. This all-ZERO input to the 
MUX closes its first switch (Si) and feeds R/s wiper 
voltage into the feedback loop. The potential difference 
between R/s output and the servo potentiometer's (Rg) 
gets amplified by Aia and Aib and fed to A 2 . This stage 
algebraically sums the signals and drives Aic and Aid, 
amplifiers configured as a dual limit comparator with 
deadband. Depending on A 2 's output polarity, the 
appropriate comparator outputs a high-level voltage 
and turns its associated driver on. This action in turn 
drives the motor in the direction necessary to force a 
null at A 2 's output. When that output falls within the 
diode-generated 0.6V deadband, both comparators' 
outputs drop LOW, and the motor stops. 

A 2 operates at a gain of 30 and thus provides 
adequate sensitivity for precise positioning. Good loop 
dynamics result from using ±25V supplies and the 
indicated gear reduction ratio. (The 0.5-|jlF capacitor in 
A 2 's feedback path sets loop roll-off.) 

You step the motor through its positions by applying 
a Shift pulse to the counter. Upon application of the 
pulse, the MUX advances to its next switch position, 
and the different preset voltage level again forces the 
servo to seek a new position, rebalancing the loop. 

Fig lb, a stored-trace display of the MUX's output 
port, shows the servo at work. In it, eight discrete 
positions are sequentially selected in a dispersed. 


nonmonotone fashion. (Note how you can attain any 
desired positioning sequence without requiring the loop 
to hunt through any intermediate locations.) This 
scheme doesn't requre a voltage reference because both 
the servo's and the position-setting potentiometers' 
levels get derived from a common supply. Additionally, 
because the shaft's positions are ''stored" by the 
potentiometers' settings, the design doesn't require a 
power-up initialization or sequencing routine. 

You can also use an analog MUX to digitally select an 
instrumentation amplifier's gain and frequency re¬ 
sponse, making use of the techniques shown in Fig 2. In 


ANALOG 

INPUTS 


BANDWIDTH CONTROL 

S, CLOSED 10 Hz 

S 2 CLOSED 100 Hz 

Sh.SoOPEN 1Hz 



OUTPUT 


NOTES; 

UNLESS SHOWN, 

ALL RESISTORS IN kfi 
* RATIO MATCH TO 0.01% 
Ai, A2 = LM11 
A3=LF412 
Si. S2=LF13331 


Fig 2—An instrumentation amplifier’s gain and response are controlled by a 4-bit digital signal. A 4-channel differential MUX 
decodes two bits and selects the amplifier’s gain resistors; the remaining two bits determine the circuit’s bandwidth. 
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this approach, a 4-channel differentially switched MUX 
selects the feedback resistors for the design's input 
stages, Ai and A 2 . These stages' differential outputs get 
summed and amplified at a gain of 10 by A 3 A. The 
resultant single-ended signal feeds an RC low-pass 
network consisting of l-of-3 switch-selected resistors 
and a l-|xF capacitor. The final stage (Asb) functions as 
an output buffer. 

Thus, with a 4-bit digital signal, you can determine 
the amplifier's gain and response; two bits set the gain 
and the remaining two set the response as shown in Fig 
2's tables. You can realize true instrumentation- 
amplifier performance by using LMlls for Ai and A 2 ; 
circuit drift then remains within 2 |jlV/°C, and you can 
achieve a CMRR of 100 dB with 0.01% resistor matching. 

MUX a S/H amplifier for variable performance 

Another analog-MUX application occurs when you're 
using sample-and-hold (S/H) amplifiers, which are 


usually constrained to processing a single input signal 
over a limited range of acquisition times and droop 
rates. The MUX-based design shown in Fig 3 not only 
accepts any of four inputs, it also provides a wide range 
of acquisition and droop options. 

This approach employs a 4-channel differential MUX 
to sort out the input and hold-capacitor options; half of 
the MUX selects the desired input, and the other half 
determines the in-circuit hold capacitor's value. Be¬ 
cause any address code simultaneously selects the 
corresponding switches in both halves of the MUX, you 
can use any desired hold capacitance for any input. 

A flash sampler captures single events 

Fig 4a illustrates a technique for using analog MUXs 
for capturing single-shot or low-repetition-rate wave¬ 
forms and then repetitively displaying the signal on an 
oscilloscope. It doesn't require a pretrigger signal 
because the input signal itself initiates the sampler 


^5V 


PULSE 

SIGNAL 

INPUT 



X 

Bin 

A 


Bo1-92 




X 


74C90 


^CLOCK 
^ INPUT 



t 


OUTPUT 



NOTES: 

A, -A8 = LF398 
C, -08 = 0.005 

A9,Aio=LM311 
A,, = LF356 


TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 


B 

50V/DIV 

50 /zSEC/DIV 

C 

10V/DIV 


D 

50V/D1V 


E 

2V/DIV 

1 mSEC/DIV 


Fig 4—^This flash-sampler design (a) captures single-event signals and provides an instant and repetitive scope display. An 
incoming signal ((b), trace A) triggers A 9 (B), resets the counter and starts the oscillator A^o (C), A^’s output (D) drives the counter 
that sequentially addresses the sampling amplifiers, A^ through As. A clocked counter then steps through the MUX's switches and 
reconstructs the sampled input (E). 
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An analog flash converter can 
provide an instant signal replay 


string. And because the circuit's output is independent¬ 
ly clocked, you can vary the scope's display rate to suit 
your requirements. 

An incoming signal (Fig 4b, trace A) triggers 
comparator Ag LOW, as shown by trace B. This action 
allows Aio's 15-kO/1200-pF combination to start charg¬ 
ing (C); as a result, Aio outputs a pulse train (D). 
Advanced in count by these pulses, the counter's 
BCD-encoded output gets decoded by the 74C42 and is 
used to sequentially drive the eight paralleled sample/ 


hold amps (Ai through As). In this manner, each S/H 
stage acquires a fraction of the input signal. 

When the input signal ceases^ Ag's output again goes 
HIGH, Aio no longer generates pulses and the sampling 
procedure stops. To display the stored waveform, 
enable the clock input to the MUX-controlling counter. 
The counter's outputs sequentially address the MUX's 
switches, and stored signal segments go to the output 
buffer (All). Trace E demonstrates how you can 
repetitively display the reconstructed waveform at a 
rate governed by the clock's frequency. 

A |xC-driven MUX calibrates strain gauges 

Fig 5's design shows how you can use a MUX to 
realize an autocalibration arrangement that eliminates 



SGT = STRAIN-GAUGE TRANSDUCER {Z = 350) 
BLH ELECTRONICS T3P1-500 
* = ULTRONIA 105A 0.01% 

**= SELECTED, 33.4 TYP 


Fig 5—strain-gauge calibration results when a \xC-controlled analog MUX sequentially acquires the bridge’s characteristics. 
Parameters such as temperature dependence and full-scale output get AID converted and stored in RAM. Then, after a weight is 
measured and converted, the \xC runs a correction-factor program and displays the result. 



74C74 


Fig 6—A programmabie waveform is created when a counter-driven 8-channel MUX samples preset potentiometers. When 
clocked, the counter counts up and then down and in the process switches the amplifier's input between 6.9V and ground. This 
action permits the amplifier to synthesize both the positive- and negative-going portions of the waveform, as shown in Fig 7. 
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almost all of the errors inherent in strain-gauge 
load-cell transducer measurements. Errors arising 
from drift over time and temperature are cancelled, 
and you can interchange transducers without having to 
rezero or recalibrate the circuit's gain. This design 
performs four separate operations to determine the 
factors necessary for correcting transducer output. 

The measurement cycle commences when the (jlC 
switches the MUX into position 1 . This action connects 
the strain gauge's output to the instrumentation 
amplifier. After amplification, the analog signal gets 
converted to a digital equivalent and stored in the 
RAM. When advanced to position 2, the MUX acquires 
the output of the load-cell-mounted LM335 tempera¬ 
ture sensor. This value is also amplified, converted and 
stored in memory. (Note that the LM335's high output 
must be divided to prevent saturating the amplifier.) 

The load cell's precise full-scale output voltage gets 
acquired when the MUX is in position 3 and connected 
to Rx, the cell-mounted resistor. By making this data 
inherently available with each cell, the system can 
ascertain (and correct for) the cell's gain slope. This 
capability eliminates the need for recalibration whenev¬ 
er you change cells. Position 4 provides the system with 
an electrical zero by connecting both of the amplifier's 
inputs to the bridge's common-mode point. 

Physical-zero information (ie, tare (container) 
weight) is fed to the |xC when you operate the 
pushbutton with no load on the cell. (You must perform 
this operation only when the system is turned on or 
after a different cell has been connected.) The system's 
memory then holds values for zero, the loaded bridge's 
output, its full-scale output and its temperature. 
Additionally, a tare-weight value has been determined. 
Using this data, the |xC's program can calculate the 
strain gauge's precise loading regardless of drifts or the 
cells' individual gain-slope characteristics. 

The temperature information provides a first-order 
correction factor for the relatively small effect that 
ambient temperature has on gain slope and zero. The 
bridge's voltage needn't be stabilized because it's 
common to the gain-calibration string and therefore 
ratiometrically cancels. In fact, the system's stability is 
governed solely by the stability of the gain-calibration 
string's resistors. MUX-controlled systems of this type 
achieve repeatability of one part in 20,000 in industrial 
environments. 

Switched resistors generate waveforms 

Fig 6 diagrams how you can use an 8 -channel MUX to 
generate a 32-piece approximation of any desired 
waveform—a sine wave demonstrates the approach. 
When clocked, the logic circuits combine to force the 
MUX to count up to eight. (The counter's Up/Down 
control inputs appear as traces A and B in Fig 7's top 
photo.) When this operation is completed, the MUX 
counts down to zero and resamples the potentiometers' 
settings in the process. These two cycles create the 
positive half of the output's waveform. 

The logic next inverts the potentiometers' voltage by 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 


B 

5V/DIV 


C 

20V/DIV 

500 /iSEC/DIV 

D 

20V/DIV 


E 

20V/DIV 


F 

0.5V/DIV 




TRACE VERTICAL HORIZONTAL 

A 5V/DIV 

B 5V/DIV 500/iSEC/DIV 

C 0.5V/DIV 


Fig 7—^Waveform synthesis proceeds when Fig 6's counter 
cycles through its first up/down sequence (top, traces A and 
B). After this sequence, the D flip flop’s 0 output drives the 
amplifier’s input (and therefore its output) LOW (C), The 
counter/MUX combination recycles through the up/down 
sequence and creates the negative half of the waveform. The 
unfiltered (D) and filtered (E) outputs indicate how well a sine 
wave can be synthesized. This 32-step approximation results 
in a distortion level of less than 0.5% (F). The bottom photo 
depicts how you can intentionally distort a waveform: The 
unfiltered (A) and filtered (B) outputs indicate that trace C’s 
7% distortion is easily achieved. 
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MUXing a strain-gauge bridge 
reiieves recalibration pains 


grounding Aia s + input via an LF1331 FET switch. 
This action forces the amplifier’s output to -6.9V, as 
shown by trace C. Concurrently, the logic again forces 
the MUX to count up to eight and back down to zero, an 
action that synthesizes the negative half of the output’s 
waveform. At the conclusion of these 32 counts, the 
logic resets, Ai/s output switches to a 6.9V level and 
the entire cycle repeats. 

When appropriately set, the potentiometers can 
provide the correct levels for synthesizing a sine wave, 
as shovni by trace D. When filtered, this signal (E) 
contains less than 0.5% distortion (F). As the bottom 
photo in Fig 7 shows, you can intentionally distort the 
output by resetting the potentiometers. Trace A 
displays the 32-piece approximation of the distorted 
signal, and B shows the filtered version. A distortion 
analyzer’s output signal (C) indicates a 7% distortion 
level. BDH 
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EDN’s advertisers stand ready to provide you 
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data on their products. Just circle the appro¬ 
priate numbers on the Information Retrieval 
Service card. If your need is urgent, contact 
advertisers directly, and mention EDN. 
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Conversion techniques 
adopt voltages to your needs 


Different parts of your system often need specialized voltages. 
A variety of conversion techniques can help you obtain 
these voltages from the main supply. 


Jim Williams, National Semiconductor Corp 

Need more than one voltage in a single-supply system 
design? You can tailor the main system supply by using 
a variety of techniques; understanding how each works 
lets you choose the one most appropriate to producing 
the levels—and characteristics—you need. 

Analog circuits need ±15V 

Specifically, note that if you have a 5V logic rail 
available in your system but need ±15V, it^s easy to 


construct a dc/dc converter with an oscillator, a 
transformer and a rectifier circuit. However, most 
dc/dc converters suffer from large noise spikes generat¬ 
ed by the fast-switching oscillator. So if the analog 
circuitry is especially sensitive to power-supply noise, 
you can eliminate or minimize the switching noise by 
using an interrupt-driven converter or a full-duty- 
cycle, low-noise converter. 

Fig 1 shows an interrupt-driven circuit. The LM3524 
switching regulator runs open-loop; its Q 1 -Q 2 output 
pair drives the step-up transfoiroer. Unlike a standard 



Fig 1—^Totally noise free, this 5V to ±15V converter stops running when you supply a TTL shutdown pulse. The 100 -ilF output 
capacitors provide voltage hold-up while your circuit operates. 
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Interrupt switching 
for noise-free operation 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/D1V 

200 /iSEC/DIV 

B 

1A/DIV 

200 EC/D IV 

C 

5V/DIV 

200 /iSEC/DIV 

D 

20 mV/DIV 
(AC COUPLED) 

200 mSEC/DIV 


Fig 2—^The center portion of this scope photo shows the 
drop in output noise (trace D) that occurs when Fig I s 
converter shuts down. 


TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

20 /iSEC/DIV 

B 

10V/DIV 

20 /iSEC/DlV 

C 

10V/DIV 

20 /iSEC/DIV 

D 

500 mA/DIV 

20 /iSEC/DIV 

E 

2 mV/DIV 
(AC COUPLED) 

20 /iSEC/DIV 

F 

100 mV/DIV 

20 /iSEC/DIV 


Fig 4—Barely discernible spikiness is visible in the output 
(trace E) of Fig 3’s low-noise converter. 


Q5V 


5V 


|/ 


16 

12 


200 390 1N4148 


13 11 


COLLECTORS EMITTER 

LM3524 


OSC PWM TIMING 

OUT IN CAP EMITTER 




LM340-15 

22/.F 


22 ^F 


LM320-15 


-h015V 


: 22 


OUTPUT 

COMMON 


rhi 


: 22 uF 


- 15V 

—o 


NOTES: 

Ti = PULSE ENGINEERING PE-61592 
Qi, Q2 = T1P31C 

ALL IC PINS NOT SHOWN LEFT OPEN 


Fig 3—A low-noise converter, this 5V to ±15V circuit runs continuously, but the output transistors’ controlled turn-on and turn-off 
minimize spikes. 
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Fig 5—Powered by a 1.5V battery, this dV-output design 
can drive low-power circuitry for months from one cell. 


dc/dc converter, this circuit uses an external clocked 
oscillator, allowing you to synchronize the converter to 
the host system. To use this feature, you disable the 
LM3524's internal oscillator by grounding the capacitor 
timing pin and apply the system clock to the oscillator 
output, yielding a 50% switching duty cycle. 

To obtain a noise-free ±15V output for a critical 
circuit operation such as an A/D conversion or a 
sample/hold acquisition, interrupt the switching by 
applying a TTL-level pulse to the LM3524's shutdown 
pin. This action stops the converter, leaving the large 
output capacitors as a virtually noiseless dc source to 
power the output regulators. 

Fig 2 details the circuit's performance; traces A and 
B show Qi's voltage and current waveforms, respective¬ 
ly (Q 2 's waveforms are similar). Trace D depicts the 
15V output line (the ~15V line is similar): The noise 
pulses caused by the switching circuitry are clearly 
visible. When the interrupt pulse is applied (trace C), 
the noise disappears. The large output filter capacitors 
EDN NOVEMBER 10, 1982 


provide adequate ±15V holdup time for the critical 
operation required while the interrupt pulse is HIGH. 

Don’t interrupt—just quiet down 

If you need a 5V to ± 15V converter with low (but not 
necessarily zero) noise, consider the continuously 
running circuit shown in Fig 3. Here, the LM311 
multivibrator clocks the LM3524 (Fig 4, trace A), 
whose internal oscillator is again disabled by grounding 
the timing-capacitor pin. WTiile the LM311’s output is 
HIGH, the LM3524 cuts the drive to Qi and Q 2 , helping 
to minimize switching noise. 

The main contributor to low-noise performance is the 
base-drive slowdown network used with Qi and Q 2 : The 
3900/0. 1-)jlF time constant slows turn-on, and the diode 
forces base-emitter charge trapping to delay turn-off. 

The effect of these components is evident in the Q 1 -Q 2 
collector-voltage waveforms (Fig 4, traces B and C) and 
Q 2 ’s current waveform (Fig 4, trace D). Note that the 
LM3irs long ON time permits no current to flow in Q 2 
until well after Qi has turned off. Moreover, the 
current’s rise and fall times are smoothly controlled and 
long, unlike those of the more common fast-switching 
converters. Therefore, very little harmonic content 
appears in the transformer drive, so converter output 
noise (Fig 4, trace E) is exceptionally low. In addition. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

0.1V/DIV 

lOmSEC/DIV 


(AC COUPLED) 


B 

1V/DIV 

lOmSEC/DlV 


Fig 6—The on-demand operation of Fig 5's 1.5V to 5V 
converter is evident in this scope photo. The converter turns 
on when the output drops to approximately 4.93V and off 
when it rises to roughly 5.07V. 
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Power CMOS ICs for months 
with one D cell 


the disturbance to the 5V rail (Fig 4, trace F) is small 
compared with standard designs. 

This circuit’s low noise comes at the expense of 
efficiency and available output power, though; During 
the slow base transitions, Qi and Q 2 dissipate power, 
reducing efficiency to about 50% and available output to 
approximately 50 mA. Heat-sinking Qi and Q 2 won’t 
help, either, because it involves the risk of secondary 
breakdown. The circuit is, however, short-circuit 
protected by the O.IH emitter resistor and the 
LM3524’s current-limiting circuitry. 

Power circuits from a battery 

What if your basic system supply is a battery? The 
circuit depicted in Fig 5 supplies 5V from a 1.5V 
source—such as a battery, saltwater cells or a solar-cell 
stack. With 125 -|jlA load current (typically 20 CMOS 
ICs), it runs for 3 months on one D cell. 

The circuit is unusual because the amount of time 
required for Qi and Q 2 to drive the transformer is 
directly related to the load resistance. The LMIO 
op-amp/reference IC compares the converter’s output 
with its own internal 200-mV reference via the 
5. l-MD/250-kD voltage divider. Whenever the convert¬ 
er’s output drops below 5V, the LMIO output goes 
HIGH, driving the Q 1 -Q 2 -T 1 oscillator circuit. The 
rectified transformer output then charges the 47-|jiF 



TRACE 

VERTICAL 1 

1 HORIZONTAL 

A 

5V/DIV 1 

2 mSEC/DIV 

B 

5V/DIV 

2 mSEC/DIV 

C 

5V/DIV 

2 mSEC/DIV 

D 

50 mA/DIV 

2 mSEC/DIV 

E 

200V/DIV 

2 mSEC/DIV 


I Fig 8—The inductor current in Fig 7's design (trace D) 
supplies the energy to generate the circuit’s 200V output. 
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NOTES: 

Ti = TRIAD TY-75A 
T2 = TRIAD F-156XP 
• ±1% RN 60 TYPE 
•• POLYSTYRENE 

ALL IC PINS NOT SHOWN LEFT OPEN 


O-40V 


Fig 9—Test line-operated devices with this variable-voltage and -frequency converter. From a 40V dc input, you can get 90 to 140V 
ac at 50 to 70 Hz. 
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Use a flyback circuit 
to obtain high voltages 


capacitor to a value high enough to cause the LMIO 
output to go LOW, thereby cutting off the oscillation. 

In Fig 6, trace B shoves the collector voltage of Qi; 
trace A shows the converter's output voltage (ac 
coupled). Note that each time the output voltage drops 
a certain amount, the LMIO drives the oscillator, 
causing the output voltage to rise until it's sufficiently 
high to switch the LMIO to its LOW state. 

The output load determines the frequency of the 
regulating action, and the 0.1-(jlF capacitor provides 
hysteresis, preventing the converter from oscillating 
around the trip point. Very low loading of the converter 
results in virtually zero oscillator ON time, while large 
loads cause the oscillator to run almost constantly 
(typical operating frequencies are between 0.1 and 40 
Hz). The germanium rectifiers minimize voltage drop. 

If you need a very high voltage, consider the 


flybackrtype converter shown in Fig 7. It generates 
200V (regulated) into a 500-|jlA load from a 5V supply 
and thus serves applications such as gas-discharge 
displays, piezoelectric transducers and strobe lamps. 
Half of the LM393 op amp (LM393a) functions as a 
constant-width-output voltage-to-pulse-rate clock. The 
O.l-jxF/lOO-kfl combination, together with the 2.5V 
from the LMIO op-amp/reference IC, fixes the output 
width at about 4 msec. The 100fl/2.2-iJLF pair provides 
bypassing for the 2.5V reference, and the 0.1-|xF/10-kn 
constant and the input voltage set clock frequency. 

Each time LM393 a s minus input charges above its 
plus input, its output goes LOW (Fig 8, trace A), 
drawing charge from both 0.1-|xF capacitors. When the 
device's output is LOW, its minus input is clamped at 
0.6V and its plus input (Fig 8, trace B) rises until it 
exceeds that level. Then the output goes HIGH, ending 


ANODE 


He-Ne LASER HUGHES 3121H-P 

7 ^ 


50k 110k** 10M* 

10k* 10k* 



35V < 


15 




-IN GND -*-IN 


5V 

REF 


V,H LM3524 

PWM TIMING 




NOTES: 

Qi, Q2 = TIP-31C 
D, =SEMTECH SCMS-10KV 

* STABLE FILM TYPE 

* * VALUE APPROX, SELECT FOR ADEQUATE TRIM RANGE 
*** CADDOCK MG-721 

ALL IC PINS NOT SHOWN LEFT OPEN 
Ti = PULSE ENGINEERING 6197 
T2 = TRIAD PL-11 


2N3525 

4X1N4148 T 

U u 



35V 


Fig 10—Start and run a laser w/f/? th/s 35V to 1300V converter. It furnishes an 8000V pulse that repeats as often as needed until the 
laser starts. 
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Fig 11—Using tried-and-true technology, this ±15V to 1000V hybrid-semiconductor/vacuum-tube converter incorporates 
inexpensive components and is very forgiving of overloads. 


the timing cycle and reinitializing the entire process. 
The 1N914 diode prevents a differentiated positive 
response at LM393 a s plus input, allowing the circuit to 
recover quickly for the next cycle. 

LM393b, meanwhile, inverts the clock's output and 
drives Qi. When this op amp's output goes HIGH (Fig 
8 , trace C), Qi turns on, its collector current rises (Fig 
8, trace D) and the 100-|jlH inductor stores energy. ( Ed 
Note : The current probe is ac coupled—the long tail is 
actually flat.) WThen LM393b's output goes LOW^ the 
magnetic field in the inductor collapses and Qi's 
collector voltage rises to about 200V (Fig 8, trace E). 
This high-voltage spike gets clamped and stored by the 
lN4004/l-|xF combination at the circuit's output. 

The LMIO compares a divided-down portion of the 
output with its 2.5V internal reference. The difference 
voltage at the LMIO output then closes the loop at 
LM393 a s clock. The lO-Mfl/l-ixF feedback components 
set loop gain and frequency compensation. 

Vary voltage, frequency with ac line converter 

If you must generate a variable-frequency and 
EDN NOVEMBER 10, 1982 


-amplitude ac supply from a 40V source, consider Fig 
9's circuit. This arrangement is ideal for testing 115V 
ac, 60-Hz line-powered loads for sensitivity to ampli¬ 
tude and frequency variations. The frequency of its 
sinusoidal output is voltage controllable from 50 to 90 
Hz; output amplitude is also voltage controllable over a 
90 to 140V ac range. 

In the circuit, the LM331 V/F converter and flip flop 
form a voltage-controllecj square-wave clock that drives 
the MFIO filter. That device, together with an LM311 
comparator, forms a resonator that generates stable- 
amplitude sine outputs without using AGC circuitry. 
The MFIO operates as a Q-of-lO bandpass filter that 
rings at its resonant frequency in response to a step 
input. The LM311, upon receipt of this ringing signal, 
creates a square-wave input signal for the bandpass to 
regenerate the oscillation. 

The bandpass output is the filtered fundamental 
frequency of a 50%-duty cycle square wave. The clock 
controls the filter's center frequency, in turn setting 
the oscillation frequency. The peak-to-peak swing of 
the MFlO's square-wave input (defined by the back-to- 
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Build an isolated ac supply 
using a bandpass-filter 1C 


back diode clamps at the LM311 output) determines the 
circuit's output amplitude. 

The LM331 is biased so that a 0 to lOV input yields a 
50- to 70-Hz sine-wave output at the MFIO. This output 
goes to LF412a, whose output biases the LM391 circuit, 
a gain-of-5 power amplifier that drives step-up trans¬ 
former Ti. A portion of Ti's output—fed back to LF412b 
via T 2 and its rectifier/filter network—gets compared at 
LF412b with the amplitude control voltage. LF412b's 
output then biases the 2N4091 FET, which controls 
LF412a s gain, closing the amplitude control loop. 

This circuit achieves a fully isolated output because of 
the galvanic isolation provided by Ti and T 2 . It sources 
low of sine-wave power over a controllable range of 90 
to 140V ac and 50 to 70 Hz. 

Make a laser run with only 35V 

A laser is a good example of a component that forms 
part of a larger system and has special voltage 
requirements. The He-Ne laser shown in Fig 10, for 
example, requires 1300V operating and an 8000V start 
pulse. You can meet both of these requirements by 
up-converting the System's 35V supply. 

The LM3524 pulse-width-modulator IC, in conjunc¬ 
tion with Qi and Q 2 , drives Ti to provide a stepped-up 
voltage. Ti's rectified and filtered output, via feedback 


to the LM3524, is a regulated 1300V. Ct and Rt set the 
20-kHz switching frequency; the 50-kH/0.33-|xF pair 
controls the loop's gain-rolloff characteristics. You trim 
the 1300V output (applied to the laseFs anode) with the 
50-kH Output Set potentiometer. 

When you first apply power to the circuit, the 1300V 
is insufficient to start the laser; hence, very little 
current is drawn from the 1300V supply. The low 
supply current results in a small average current 
through Qi and Q 2 , in turn resulting in a small voltage 
drop across the 500 emitter resistor. This voltage is 
below the threshold at LM393 a s plus input, so the 
amplifier's open collector unclamps. 

When the 0.22-|xF capacitor at T 2 charges, the 
voltage at LM393b's plus input exceeds 5V, and its 
output goes HIGH, allowing gate current to flow into 
the SCR. The SCR then fires, dumping the 0.22-|jlF 
capacitor's energy through T 2 , a flyback photoflash 
unit. This action causes an 8-kV spike to appear at the 
laser's start ring, normally causing gas breakdown and 
starting the laser. Diode steering prevents the spike 
from affecting the normal 1300V output. 

When the laser starts, the Q 1 -Q 2 emitter current 
increases enough so that LM393a is forced LOW, 
cutting off drive to the SCR and disabling the start 
circuitry. But if the laser does not start, LM393a 



Fig 12—Accelerate electrons in a CRT with this ±15V to lO-kV flyback-type converter; its servo loop ensures output stability. 
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Meet lasers’ special 
needs with a PWM 1C 


remains undamped. When the 0.22-(jlF capacitor charg¬ 
es fully, LM393b's plus input exceeds 5V, and the SCR 
again drives T 2 , producing the 8-kV start pulse. This 
action continues until the laser runs. 

Don’t write off vacuum tubes 

Fig lO’s laser supply achieves its 1300V output 
through servo control around a transformer. A poten¬ 
tial problem with this type of converter is that its 
transient response is limited by the modulation fre¬ 
quency applied to the transformer. The best way to 
avoid the problem is to regulate with a series-pass 



TRACE 

VERTICAL 

HORIZONTAL 

A 

50V/DIV 

20 ^SEC/DIV 

B 

4A/DIV 

20 ^SEC/DIV 

C 

50V/DIV 

20 fiSECIDW 


Fig 13—Magnetic-field coliapse in Fig 12’s fi primary 
produces the high O 2 collector-voltage pulses in trace C. 


element on the transformer’s high-voltage side. But 
this action usually implies the use of expensive 
high-voltage transistors and a substantial amount of 
protective circuitry. Fig 11 shows a converter that 
deals with these problems. It’s inexpensive, provides 
the fast transient response of a series regulator and 
requires no output protection. Moreover, it withstands 
short circuits and output-current or -voltage reversals 
arising from reactive loads. 

The self-exciting dc/dc converter composed of Ti, Qi, 
Q 2 and their associated components generates the 
unregulated high voltage from a 28V supply. This 
converter’s rectified and filtered output is applied to 
the plates of the two 1625 vacuum tubes, which are 
configured in a common-cathode-driven cathode- 
EDN NOVEMBER 10, 1982 



follower arrangement, with NE-2 neon-lamp screen-to- 
cathode clamps. Feedback from V 2 to the LF441 
provides overall loop stabilization. The 390-pF/3.3-kll 
pair provides local rolloff at the LF441; overall 
compensation comes from the lO-pF/l-Mll network. 
The 1N914 prevents capacitively coupled transients 
from appearing at the LF441’s input. 

Set the output voltage with the 5-kfl potentiometer 
at the LM329 reference. The power-handling capability 
of Ti limits the circuit’s output to lOW at lOOOV —a 
chore that V 2 can perform effortlessly. If you anticipate 
extended (greater than 5 min) short circuits at the 
output, consider fusing V 2 ’s plate circuit. 

Multiply ±15V for voltage-hungry CRTs 

In data-terminal designs, you must often convert the 
supply rails to the high voltage needed for CRT 
electron-beam acceleration. You can use a flyback 
approach for this task, but for more demanding 
applications (such as oscilloscopes), you might have to 
use a sine-wave conversion technique. So consider 
examples of conversion circuits that use each method. 

In Fig 12’s flyback circuit, LF442a functions as an 
oscillator whose output (Fig 13, trace A) drives the 
Q 1 -Q 2 Darlington pair. When the output is HIGH, Qi 
and Q 2 conduct and the current through Ti’s primary 
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Use vacuum tubes for a 
low-cost high-voltage supply 



TRACE 

VERTICAL 

HORIZONTAL 

A 

100V/D1V 

50 /iSEC/DIV 

B 

5A/DIV 

50mSEC/DIV 

C 

100 mV/DIV 
(AC COUPLED) 

50 /iSEC/DIV 


Fig 15—The linear nature of Fig 14's converter is evident in 
this scope photo. 


builds up (Fig 13, trace B). When LF442a goes LOW, 
however, the field in T/s primary collapses and a large 
flyback voltage appears at Q 2 's collector (Fig 13, trace 


C). This field collapse also appears at T/s secondary 
and produces a very-high-voltage output, which is 
rectified and filtered and fed back to LF442b via a 
divider. LF442b's output then servo-controls Qs, which 
determines the amount of drive available to Ti. The 
0.05-fxF capacitor provides stable loop compensation; 
the LM385 and the S-kO pot set the output voltage. 

Although effective, this circuit produces unavoidable 
radiated noise and supply spiking—which some sensi¬ 
tive data terminals and oscilloscopes canT tolerate. Fig 
IFs sine-wave-based high-voltage converter eliminates 
these problems. 

When you apply power to this circuit, the LM385 
reference pulls the LF441's minus input LOW, causing 
the LF44Fs output to rise. This action in turn causes 
Qfs collector voltage to drop (Fig 15, trace A) and its 
collector current to rise (Fig 15, trace B). Concurrent¬ 
ly, the 0.1-fxF capacitor in Ti^s feedback winding 
charges to a negative voltage. WTien the current in Ti 
stops building, Tfs feedback winding pulls Q/s base 
negative (Fig 15, trace C), cutting off Qi and causing its 
collector voltage to rise. 

WTien the voltage on the 0.1-fxF capacitor becomes 
positive, Qi starts to conduct, its collector voltage drops 
and the cycle repeats. The 0.22- and 4.7-fjiF capacitors 
provide stabilization, and the high-voltage output is 
current-summed with the LM385's negative reference 
current at the LF441 servo amplifier. 

The LF44rs output servo-controls the drive to Qi, 



Fig 16—Memories are made of this —a converter that supplies the 21V pulses for EEPROM programming. It 
achieves controlled rise time; you determine the pulse’s width with a TTL command. 
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Generate EPROM-programming 
pulses from the 5V rail 


closing the feedback loop around the transformer. 
Because the transformer isn’t used in the flyback mode, 
the voltage step-up ratio is smaller than in Fig 12’s 
design, so you need higher initial input voltages. 
Alternatively, you could use a voltage-doubler network 
at the transformer output. 

An easy way to power memory programming 

What about the voltage required by programmable 
memories? Widely used EEPROM types such as the 
2816 require controlled-rise-time 21V pulses for pro¬ 
gramming. Fig 16 shows a converter that generates the 
necessary high-voltage pulses from the 5V rail, 

Ti, in conjunction with Qi and Q 2 , forms a self-driven 
5 to 30V dc/dc converter. Q 3 and Q 4 serve as a strobe for 
this converter, allowing it to draw power and run only 
when a TTL signal is present at the circuit’s input. 
When you apply a signal to the input (Fig 17, trace A), 
the Q3-Q4 pair conducts, biasing Qi and Q2 so the 
converter runs (Q 2 's collector waveform appears in Fig 
17, trace B). The converter’s output (Fig 17, trace C) is 
very lightly filtered by the 0.1-|xF capacitor, allowing it 
to rise quickly. This output charges the 0.05-|JiF/150-kn 
combination. 

The gain-of-3 LM392b amplifies the 0.05-|jlF capacitor 
voltage; Q 5 serves as an output-current booster. As the 
0.05-(jlF capacitor charges, Qs’s emitter voltage rises. 


A 

B 


C 


D 




TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

2mSEC/DIV 

B 

10V/DIV 

2 mSEC/DIV 

C 

20V/DIV 

2 mSEC/DIV 

D 

10V/DIV 

2 mSEC/DIV 


Fig 17—^The programming pulse of Fig 16’s circuit appears 
in trace D. Note the cleanly rising leading edge. 



providing the leading edge of the programming pulse 
(Fig 17, trace D). WTien the capacitor voltage reaches 
7V, the LM129 clamps, charging ceases and the output 
remains at 21V. 

When you switch the TTL input pulse LOW, the 
LM392 a's open-collector output clamps LOW, discharg¬ 
ing the 0.05-p,F capacitor and readying the circuit for 
the next pulse. You can satisfy any EE PROM’s 
programming requirement by varying the gain of 
LM392 b, the time constant at its input or the zener 
clamp across the 0.05-|xF capacitor. EDN 
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Exploit D/A converters 
in unusual controller designs 

More than just a data manipulator, a multiplying DAC 
simplifies designs such as scanner positioners, 
temperature regulators and electronic locks. 


Jim Williams, National Semiconductor Corp 

Employing multiplying digital-to-analog-converter 
(MDAC) ICs in other-than-standard data-handling 
tasks allows you to control many diverse—and difficult- 
to-interface—analog functions. MDACs such as the 
12-bit DAC 1218 and the 10-bit DAC 1020 provide 
features that bring digital accuracy to familiar control 
chores involving temperature, voltage and vibration. 

Digitally position mechanical scanners 

Consider, for example, the use of these devices in the 
scanning-electrophoresis technique that biochemists 


employ to separate unidentified cells or molecular 
structures from each other. In one form of this process, 
a motor-driven scanner examines a sample suspended 
in a suitable liquid and contained within a glass or 
quartz tube approximately 1 ft long. A high voltage 
applied along the tube's length separates the cells 
according to their charge gradient, resulting in a series 
of bands within the tube where like cells collect. 
Photometrically scanning the tube's length, noting the 
bands' distances from a reference point and matching 
these locations against the potential's gradient, accom¬ 
plishes cell identification. 

The key to this technique lies in the scanning process: 



Fig 1 —Digital words determine a motor-driven scanner’s excursion limits via a dual-MDAC-controlled transistor-bridge drive 
scheme. Two comparators (A^, Ae) match a motor-position analog voltage ("VposJ vvith the MDAC’s outputs and set or reset flip flop ICs 
accordingly. When the flip flop is set, for example, its Q output goes HIGH and turns transistors Oi and O 4 on until Vpos is nulled. 
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Digital-to-analog converters 
provide biochemical controls 


Ideally, both the scanner's speed and the minimum and 
maximum scan length should be programmable. In Fig 


I’s approach, MDACs establish the scanner s travel 
limits via two sets of digital input codes. The scanner’s 
motor drives a pick-off potentiometer, providing an 
analog voltage proportional to the scanner’s position. 
This signal in turn feeds limit comparators As and Ae, 
driving one of these device’s outputs HIGH when either 
the high (As andJCi)- or low-position limit (Ae and IC 2 ) 



Fig 2—A settable output voltage results when an MDAC controls a pulse-width modulator’s input reference voltage. Overcurrent 
protection occurs when the voltage to the PWM’s ~CL input exceeds its +CL reference. 



Fig 3—Dual MDACs provide both dc and ac output voltages when driving a complementary transistor pair. A fixed digital code 
controls one MDAC to set the dc level; the other MDAC generates the ac component when its digital inputs are varied. 
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is exceeded. (Ai and A 2 serve as current-to-voltage 
converters, while As and A 4 establish the feedback 
loop’s reference voltages.) 

When the scanner reaches a limit condition, these 
limit comparators set (S) or reset (R) flip flop IC 3 ; the 
resulting HIGH Q or Q output switches a transistor 
bridge on in a direction that reverses the motor’s 



TRACE 

VERTICAL 

HORIZONTAL 

TOP 

10V/DIV 


MIDDLE 

100V/DIV 

50 mSEC/DIV 

BOTTOM 

100V/DIV 



Fig 4—An ac-driven MDAC generates these CRT deflection 
voltages using the scheme shown in Fig 3. Buffer amplifier 
A^’s output (top) can be converted to a high-voltage 
complementary (middle) or in-phase equivalent (bottom) 
waveform. 


rotation. Thus, the scanner’s motor bidirectionally runs 
the photometer head between the encoded scan limits. 

Q 7 and its associated diodes control the motor’s 
speed. When both Inhibit and Clock inputs are LOW, 
Q 7 is OFF and the flip flop’s Q and Q signals can drive Q 5 
and Qe. However, if either Inhibit or Clock is HIGH, Q 7 
turns on and shunts the drive signals to ground. You 
can employ a |xC to generate all the scanner’s control 
functions. For example, using a software-generated 
pulse-width-modulated signal as the clock allows you to 
dynamically alter the scanner’s speed to run rapidly 
across distances where there aren’t cell bands and 
slowly where there are. Similarly, you can use software 
to set the scan limits to home in on a cell-populated 
portion of the tube. 

5V logic sets high-voltage levels 

MDACs can control high-voltage sources as well as 
scanner positioners. Consider, for example, Fig 2’s 
circuit, which serves as a digitally controlled 15 to lOOV 
supply suited to automatic-testing applications. This 
circuit couples a pulse-width-modulator (PWM)-driven 
push/pull voltage-converter stage with an MDAC in a 
feedback loop. The MDAC, in conjunction with Ai, 
establishes the PWM’s setpoint voltage. The PWM in 
turn drives the transistors and—via the step-up 
transformer—converts the 15V to as much as lOOV. 

The transformer’s square-wave output gets rectified, 
filtered and divided down by the resistor string. The 
resulting voltage level feeds back to the PWM’s error 
amplifier, completing the control loop. You set the 
loop’s gain and frequency characteristics with the 
lOOO-pF/lOO-kD pair. Short-circuit protection results 



Fig 5—Precise temperature excursions result when As sums an MDAC-generated triangular waveform with A/s 
fixed reference and the LM135's temperature-dependent signal. A 4 pulse-width-modulates the resulting error voltage 
and controls the heater’s ON time. 
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Set a shaker table’s frequency 
with a D/A-converter 1C 


when the IR drop across the resistor exceeds the IV 
reference at the PWM’s +CL input. (For a complete 
discussion of the PWM’s functions, see EDN, Septem¬ 
ber 2 , pg 202 .) 

Although you can rapidly update the MDAC's output, 
the transformer's 20-kHz capability and the loop's time 
constants limit the design's bandwidth. In practice, 
though, you can modulate the MDAC's input at 250 Hz 
and still deliver a lOOV sine wave into a 1-kH load. 

Digitally modulate your CRT's plates 

Another high-voltage requirement centers on modu¬ 
lating a CRT's deflection plates in electron-optics 
applications. In contrast to the previous high-voltage 
circuit, this design operates at greater bandwidths but 
has a low current-delivering capability. (Actually, this 
low-current limitation is not significant because the 
CRT's plates act like a very large resistor shunted by 
50 pF.) 

Fig 3's scheme uses two MDAC/op-amp pairs to 
generate the CRT's signals: One MDAC establishes the 
static (dc) bias; the second provides the dynamic (ac) 
drive signal (typically a ramp). A 3 sums these signals 
and feeds the result to the high-voltage stage, consist¬ 
ing of Qi through Q4. This stage acts as an inverting, 
complementary, common-base-driven common-emitter 
amplifier with gain. And because the output-current 
requirements are low, you can avoid the usual cross¬ 
over-distortion problems without complex compensa¬ 
tion circuitry; merely tie the stage's output to the 
- 125V rail via a 120-kH resistor. Closing the feedback 
loop with a l-Mfl resistor yields the quick, clean 
response shown in Fig 4. (In this figure, two complete 


MDAC-driven amplifiers were used to produce the 
traces.) The top trace shows the ac signal created by 
digitally modulating ICi’s inputs; the middle and bottom 
traces depict the resulting high-voltage outputs. 

MDACs regulate temperatures 

MDACs also serve in temperature - regulating 
applications—such as those involving critical biochemi¬ 
cal reactions occurring only within or at the edges of 
very specific (and often very narrow) temperature 
limits. Fig 5's circuit, for example, employs an MDAC 
to regulate a heater and overcome the inability of 
standard temperature-control methods to provide both 
fine-grain resolution and long-term stability. 

The basic temperature-control loop comprises an 
MDAC-controlled PWM (Ai through A5). Thermal 
feedback to the LM135 closes the loop; it varies the 
PWM's duty cycle to establish the controller's setpoint. 
Note that the PWM action results from As's comparing 
As's setpoint-equivalent output with the ramp output 
generated by the clock-driven integrator, A4. As's 
output is in turn a function of the setpoint current 
flowing through the 22 . 6 -kD resistor as well as the 
LM135's signal. (Amplifier A 3 S 10-Mn/l-|xF feedback 
values limit the loop's response to 0.1 Hz.) 

You control the temperature's excursions around the 
setpoint by modulating the MDAC's digital inputs with 
a slowly varying digitally encoded triangular wave¬ 
form; the number of bits changed controls the tempera¬ 
ture's span. Fig 6 's strip-chart recording demonstrates 
this design's advantages: Temperature can vary by 
±1.5°C around a 37.5°C setpoint for many hours. 

MDACs develop hIgh-power audio signals 

Now consider an MDAC's use in an audio-frequency 
application—control of the shaker tables frequently 
employed to test finished assemblies for vibration- 
induced failures. In order for these tests to be 



Fig 6—Long-term temperature control is the result when Fig 5’s design modulates the 37.5°C baseline setting via a 
triangular-wave-driven MDAC. The MDAC’s digital input code controls the peak-to-peak oscillation amplitude. 
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meaningful, the vibration patterns must be tightly 
controlled in terms of duration, frequency and ampli¬ 
tude. Fig Ts dual-MDAC scheme can meet these 
requirements. 

Frequency control results when MDAC ICi drives 
the integrator formed by Ai. This stage's output ramps 
until its 10-kll derived current just balances the 
feedback current at comparator A 2 ’s + input. At this 
point, A 2 's output changes state and forces the 
zener-diode network to furnish an equal-magnitude but 
opposite-polarity reference voltage. Because this now- 
inverted reference feeds both the MDAC and the 
comparator, the integrator generates a triangular 
waveform symmetrically centered on ground. Using 
this circuit technique, you can use 12 bits to encode the 
MDAC and synthesize a 1-Hz to 30-kHz output signal. 

A sine wave results when the synthesized triangular 
signal feeds the dual npn/pnp stage; the logarithmic 
relationship between the LM394’s collector current and 
its Vbe performs the smoothing function. You adjust the 
offset and wave-shape pots for low distortion. 

The digital amplitude-control feature occurs in the 


50V/DIV 



2 mSEC/DIV 


Fig 8—A signal’s frequency or ampiitude is quickly 
changed by Fig 7's MDAC controllers. Using this technique, 
you can vary output frequency from 1 Hz to 30 kHz. 



Fig 7—Digitally variable frequency and amplitude signals arise when the triangular wave generated by IC^ through Az is 
converted to a sine wave by the pnp/npn stage and modulated by MDAC /C 2 . Both the frequency and amplitude functions can be 
fixed (via switches) or swept. 
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Pick-proof electronic locks 
by digitally reading the key 

associated MDAC/op-amp network. Here the MDAC 
(IC 2 ) operates as the programmable gain element in the 
op amp's feedback loop. This trick provides a millivolts- 
to-volts range at AzS output pin. 

Because a shaker table's input impedance is resistive- 
ly low and inductively high, a vacuum-tube amplifier is 
your best choice for the power stage; its transformer- 
isolated output is immune to the table's inductively 
induced flyback spikes. Fig 8 shows this design's output 
waveform when both MDACs are simultaneously up¬ 
dated. Note its clean and essentially instantaneous 
response to both frequency and amplitude steps. 

Digital codes “pick-proof” a lock 

Fig 9's circuit serves an unusual MDAC application: 
the programming of an electronically keyed combina¬ 


tion lock. Because the inserted key is an 0.01% resistor, 
security is assured against all but the most determined 
and sophisticated thieves. If the key you insert isn't the 
correct one, the circuit knows it within 250 msec and 
ignores any further lock-opening attempts for 5 min. 
Decade-box- or potentiometer-equipped thieves thus 
don't have a chance. 

When “key resistor'' Rk has the correct value, the 
MDACs output current precisely balances Rk s current 
at Ai's input and drives Ai's output to zero. The 
absolute-value stages (A 2 and A3) sense this condition, 
and As's output, Q/s emitter and Ai's + input also go to 
zero. And when A's input reaches zero, its output goes 
negative, Q 3 cuts off and Ci starts charging toward the 
15V supply level via the 22-kn/diode network. During 
this 250-msec charging time, A's HIGH output level 
turns the Q 1 /Q 2 stage on and therefore opens the door's 
lock. WTien Ci charges past 5V, As's output goes LOW 
and disables the lock again. 



NOTES: 

UNLESS SHOWN, 
OP AMPS = LF351 
DIODES = 1N4148 


Ci = 10 TANTALUM 
Qi,3_4 = 2N2222 



Fig 9—A virtually pick-proof electronic lock employs an MDAC in a digital-code-to-resistor-value comparison loop. Resistor Rk 
serves as a key. When the inserted resistor’s value isn’t correct and accepted within 250 msec, the circuit inhibits another 
lock-opening attempt for 5 min. 
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Pick-proof lock frustrates 
sophisticated thieves 


If you try opening the lock with an illegal Rk, the 
absolute-value stages (A 2 , A3) don’t settle to zero and Qi 
remains OFF. Under these conditions, it takes 5 min 
before Ci discharges back down to 5V—via the 30-Mfl 
resistor—and is reset to OV by Q 4 . 

This design discourages even the most sophisticated 
and/or frustrated thieves: Amplifier Ai’s zener-diode 
bridge and input clamps prevent anyone from monitor¬ 
ing the summing junction’s requirements or intentional¬ 
ly destroying the unit. And the 12-bit MDAC provides 
security via 4096 possible combinations. EDM 
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Use off-the-shelf linear ICs 
for sophist Icoted oudio designs 

With a little creativity and a good understanding of common 
linear circuits, you can produce high-performance audio designs— 
such as V/F converters, VCAs, preamps and panning circuits— 
with simple, inexpensive parts. 


Jim Williams, National Semiconductor Corp 

Op amps can serve in applications other than audio 
amplifiers; you can apply them and other off-the-shelf 
linear ICs to create more sophisticated audio and 
electronic-music circuits. And although these applica¬ 
tions present stringent performance demands, don't 
assume you'll need excessively complicated and expen¬ 


sive designs; the linear circuits described here achieve 
high performance at low cost. 

As an example of the unusual use of conventional 
components, consider Fig I's exponential V/F convert¬ 
er. Suitable for use in music synthesizers, this circuit 
provides an output that changes its frequency one 
octave in response to a IV control-input variation. 
Similar to conventional nonlinear converters, it exploits 


1M* 



Fig 1 —A temperature-compensated transistor array stabilizes this exponential voltage-to-frequency converter. O 2 senses the 
array’s temperature and A^B drives chip heater O 4 , maintaining a stable operating environment for logarithmic converter O 1 . The 
circuit's negative-going sawtooth output results from ATs integration of QTs collector current until it reaches O 5 and Q^s threshold. 
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A servo loop eliminates 
temperature-dependent drift 


the logarithmic relationship between a transistor’s 
base-emitter voltage and collector current. However, a 
unique thermal servo loop eliminates temperature- 
dependent transfer-function errors. 

Generating the circuit’s negative-going sawtooth 
output, op amp Aia integrates Qi’s collector current 
until Qs and Qe turn on. These feedback transistors then 
discharge the integrating capacitor, the output rises to 
OV and the cycle repeats. 

Qi is a vital element in this circuit because its Vbe/Ic 
characteristics ensure that Aia s input current—and 
thus the output frequency—remain an exponential 
function of the control voltage. Assisting Qi, transistors 
Q 2 , Q 3 , Q 4 and op amp Aib form a temperature- 
controlled loop that stabilizes Qi’s operating point by 
thermally compensating the LM3046 transistor array. 

To perform this compensation, Q 2 ’s base-emitter 
junction senses array temperature, and Q 4 heats the 


chip. Aib varies this heater transistor’s dissipation until 
Q 2 's Vbe drop equals the reference level set by R 5 and 
Re. Furthermore, Qg and R 7 limit Q 4 's maximum 
operating power and ensure proper servo functioning 
during circuit power-up. 

In addition to stabilizing Q/s collector bias, the 
LM329 6.9V reference also fixes the Qs/Qe firing point. 
These two transistors exhibit opposing temperature 
coefficients, so their switching threshold is compensat¬ 
ed to approximately 100 ppm/°C. The polystyrene 
integrating capacitor’s — 120-ppm/°C TC cancels re¬ 
maining firing-level uncertainty. 

To establish a 20 -Hz quiescent output frequency, Ri 
biases the circuit’s input. Rg trims the converter’s 
transfer gain. Op-amp input resistors R 3 and R 4 
maintain exponential conformity to within 0.5% from 20 
Hz to 15 kHz by providing first-order compensation for 
Qi’s bulk emitter resistance. 

Reduce VGA feedthrough 

The next circuit, a voltage-controlled amplifier 
(VGA), also uses a simple error-correction scheme to 
improve its performance (Fig 2 ). Commonly employed 


15V 


CONTROL 

INPUT 

a 



015V 

Ri I COARSE TRIM 


I—#—I --o 


► 10k* 


200 

50k FINE TRIM 
■#- 

Ro J ^ 


O OUTPUT 


NOTES: 

Ai, A 2 , A3 = LF412 
Qi, Q2 = LM394 
Q3 = 2N2222 

* = 1% METAL*FILM RESISTOR 
ALL DIODES = 1N4148 


100 pF 


Fig 2—A voltage-controlled amplifier (a) permits very little 
signal feedthrough when a nulling circuit cancels its residual 
output. The RC network at AqaS input provides the cancellation 
circuit with the same phase-shift and frequency-response 
characteristics as the multiplier, and R 2 affords fine feedthrough 
adjustment. Part (b) shows that 20-kHz multiplier feedthrough 
(trace B) is buried in the noise floor. When properly nulled, this 
circuit exhibits 84-dB min signal suppression referred to the 
input (trace A). 


VERT: 


5 mV/DIV 


(b) 
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Fig 3—Lower input noise results when an external transis¬ 
tor pair replaces the first stage of an op amp. This design 
avoids the loop-instability problems often caused by adding 
external stages to an op amp because the additional 
transistors replace rather than complement the LM316’s 
input devices. 



Fig 4—^This microphone preamp operates from supplies as 
low as 1.5V. Its LM10 reference amplifier provides a voltage 
gain of 100 with an input noise level of less than 50 nVI\/Hz. 
The chip’s op-amp section amplifies the reference output by 
an additional 20 dB. 


in recording-studio mixing consoles, VCAs must permit 
minimal signal feedthrough when their control inputs 
reach OV. Conventional analog multipliers aren't opti¬ 
mal for this application; although they behave well in 
high-gain regions, they afford inadequate high- 
frequency signal suppression with their control chan¬ 
nels off. 

To reduce the feedthrough levels of its simple VGA, 
Fig 2 a's design uses a nulling technique. Op amps Aia 
and Aib and emitter-follower Qs buffer the circuit's 
control and audio inputs and then feed these signals to a 
transconductance multiplier composed of A 2 A, Qi and 
Q 2 . A 2 B converts Q 2 's differential collector currents to a 
single-ended audio output. Ri allows coarse feed¬ 
through trimming at 10 kHz to approximately -65 dB 
(relative to the input signal level). 

To further reduce feedthrough, A 3 A and A 3 B null the 
multiplier's OFF-state output with the audio input. The 
RC network at inverter Asa's input provides phase shift 
and frequency response similar to the multiplier's 
feedthrough characteristics—thus, residual signals 
cancel out when Asb combines the outputs from Asa and 
A 2 B. The nulling circuit's gain control, R 2 , allows fine 
feedthrough trimming to -84 dB at 20 kHz. 

To adjust this VGA, apply a 20V p-p, 20-kHz sine 
wave to the audio input, and with the control input 
grounded, adjust Ri for minimum output from A 2 B. 
Then trim R 2 for the lowest level at Ae's output. Fig 2b 
illustrates the circuit's typical feedthrough signal (trace 
B) for a 20-kHz input (trace A) when properly trimmed. 
Note that circuit noise almost obscures the waveform. 

In addition to its excellent feedthrough suppression, 
this VGA exhibits only 0.05% total harmonic distortion 
(THD) throughout its 60-kHz power bandwidth. To 
obtain best circuit performance, construct it on a rigid 
EDN MARCH 3, 1982 


circuit board, enclose it in a well-shielded box and 
employ proper grounding and noise reduction. 

Replace an op amp’s inputs 

Instead of correcting a circuit's inherent errors as in 
the previous designs, you can use your knowledge of an 
IG's internal workings to eliminate deficiencies before 
they occur. For example, Fig 3 illustrates an RIAA- 
equalized phono preamp with a noise figure less than 2 
dB typ; it uses an LM394 ultralow-noise transistor pair 
at an LM318's compensation inputs instead of the 
device's internal input transistors. 

This technique achieves lower noise than the unalt¬ 
ered op amp without introducing loop instability. 
Stability criteria become especially critical in RIAA 
circuits because the equalization function requires 100 % 
feedback at high frequencies. Gonnecting the op amp's 
unused inputs to the negative supply shuts off the 
device's first differential pair and allows the external 
devices to operate into the LM318's output stages. 

The distortion performance of Fig 3's circuit exceeds 
the measurement capability of most test equipment: 
THD within the audio band remains less than 0.002% 
for outputs to O.IV rms, and 20-kHz distortion rises 
only to 0.007% at 5V rms. Referred to a 10-mV input, 
the preamp's noise level equals —90 dB, with absolute 
values measuring 0.55 jjlV and 70 pA rms over a 20 -kHz 
bandwidth—levels below the noise generated by most 
phono cartridges. 

Fig 3's phono preamp also performs well in transient- 
intermodulation (TIM) tests. When fed with a 200-mV 
input—consisting of 10- and 11 -kHz sine waves equally 
mixed—the circuit generates a 1-kHz output of only 80 
)jlV. The TIM level, therefore, is 0.004% (or 0.0008% if 
you include the RIAA function's 14-dB (5:1) 10- to 
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An external transistor pair 
improves op-amp performance 


1 -kHz gain ratio). The preamp avoids overload-recov¬ 
ery problems by using only dc interstage coupling, and 
it generates an offset of IV max v^hen used ’with 
cartridges having l-kfl dc resistance. 

Cascade two stages for high performance 

The next example is also a preamp, but this time for a 
microphone. Fig 4’s preamp operates from one 1.5V 
battery and fits into a microphone casing. 

The design uses an LMIO amplifier/reference IC, 
with modest voltage requirements that suit it well for 
such applications. The chip, however, has limited 
frequency response when used conventionally. Fig 4’s 
circuit extends the device’s operating range by cascad¬ 
ing its reference amplifier and op amp to form a 
high-gain preamp. 

Here are the details. The microphone input drives 
Ai’s reference amplifier, which has a unity-gain band¬ 
width of 500 kHz. Feedback around this stage yields an 
ac voltage gain of 100. The op amp, which operates 
more slowly than the reference amp, provides an 
additional 20 dB of voltage amplification, resulting in 
overall circuit gain of 60 dB. The preamp’s bandwidth 
extends to 10 kHz unloaded and reaches 5 kHz with a 
500H load. 


Although using a reference amplifier as a low-level 
gain stage might introduce excessive noise, the LMlO’s 
reference voltage is so low that the circuit’s input noise 
typically remains less than 50 nV/VHz. The bias 
voltage generated by Ai’s reference circuitry creates an 
offset at the reference amp’s output and limits the 
maximum value of feedback resistor Ri. R 2 controls the 
amp’s dc gain, thus optimizing the output offset level. 
Finally, the reference amp’s bias characteristics intro¬ 
duce some minor problems: They restrict the first 
stage’s voltage swing to between 150 mV and a Vcc of 
-800 mV (700 mV for a 1.5V supply) and cause the 
circuit’s quiescent output to become uncertain. 

To increase circuit life, Ci couples the gain control 
(Rs) to the reference amplifier’s output and ensures that 
no dc flows through the control’s wiper. If this feature 
is unnecessary, you can reduce component count by 
connecting R 4 directly to the reference amplifier’s 
output (Ai, pin 1 ) and using Ri as a gain control. 
However, the 70-nA bias current that normally flows 
through the feedback resistor might increase noise. 

DAC pans audjo signal 

Another approach to solving audio-design problems 
involves multiplying DACs. Fig 5 shows a digitally 
programmable panning circuit that splits an input 
between two output channels. The DAC input code (D) 
determines the relative levels of the two channels, and 
op amps Aia and Aib convert the DAC’s complementary 
current outputs into voltages. The relationship of the 


15k 



Fig 5—A DAC controls the ratio of two output signals in 

the pan-pot circuit shown in (a). Op amps A^A and Aib 
convert the DAC’s complementary output currents to voltage 
signals. The ratio of the pan pot’s outputs (b) changes as a 
digital ramp, drives the DAC input. The sum of the two signals 
remains constant, regardless of the digital control word. 


VERT: 

5V/DIV 

OUTPUT A 


OUTPUT B 



(b) 


HORIZ: 1 mSEC/DIV 
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Fig 6—Two DACs control the passband of this first-order filter. The input codes determine the gains of integrators Aza and Asb. 


two output signals to the digital input in Fig 5's design 
is given by: 


OUTPUT A = 


INPUT X 

V2048J 


OUTPUT B = 


INPUT X 


3(1024 - D)] 

2048 


For Fig 6’s components, 


204877-(10k)(l X 10-8). 

Filter Ts high-pass output function equals the deriva¬ 
tive of the low-pass expression (reference). EDN 


and Fig 5b illustrates the circuit's operation when a 
digital ramp controls the DAG inputs. 

This circuit differs from conventional DAC applica¬ 
tions because the converter's internal feedback resistor 
remains unconnected; the circuit's discrete resistors 
permit better matching of the output channels. Each op 
amp exhibits 300-ppm/°C gain drift arising from 
mismatches between the DAC’s ladder resistors and 
op-amp feedback elements. You can eliminate these 
small errors, though, by using a separate DAC, with 
complementary digital inputs, for each channel. 

You can also employ DACs in programmable-audio¬ 
filter designs. Fig 6's circuit, a first-order bandpass 
network, utilizes two identical state-variable filters. 
The DACs control the gains of integrators A 2 A and Asb 
and thus determine the filters' cutoff frequencies. 

You achieve a bandpass characteristic by connecting 
the first filter's high-pass output (taken from the output 
of Aia) to the second filter's input. Filter 2's low-pass 
output then contains only those signals that lie within 
the passband established by the DACs' input codes. 

You can determine filter 2's low-pass cutoff frequency 
(fc) as a function of DAC 2 ’s program input (D) with 

D ] 

204877 RaCi. . 


Reference 

Analog Devices Inc, Application Guide to CMOS 
Multiplying D/A Converters, 1978, pg 32. 
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Expand linear circuit functions 
with noniinear design schemes 

Circuits impiementing logarithmic or exponential functions provide 
instrumentation and control designs with many features 
unobtainable using linear-only characteristics. Such 
circuits can gauge fuel level or a grape’s ripeness. 


Jim Williams, National Semiconductor Corp 

Just because a control or instrumentation design 
requires a logarithmic or exponential transfer function, 
don't assume that it must be complex, troublesome and 
expensive. It needn't be if you employ the correct basic 
circuit (see box, ''Straightforward nonlinear circuits"). 
Indeed, the same concepts apply whether you must 
measure a tank's contents or control a motor's speed. 

Govern a pump's rate 

Although peristaltic pumps are generally driven by a 
continuously rotating motor, this technique isn't suit¬ 
able when your application requires precise delivery at 
low rates as well as a high-throughput capability. (This 
situation often occurs in chemical or biological process- 
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Fig 1—A Stepper motor’s speed varies exponentially when driven by this voltage-to-4-phase converter. Using this approach, you 
can precisely govern a peristaltic pump’s output flow for tight process control at low rates, yet speed it up for high throughputs. The 
waveforms correspond to points indicated on the schematic. 
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Exponential expansion provides 
an 8-octave audio sweep signal 


Straightforward nonlinear circuits 


The theory and construction of 
logarithmic and exponential cir¬ 
cuits isn’t difficult, just different 
from what linear circuits require. 
By applying a few basic concepts, 
you can adapt the figure’s loga¬ 
rithmic (a) and exponential (b) 
schemes to a wide range of 
applications. 

Capable of transforming a linear 
input voltage or current to a loga¬ 
rithmically equivalent output volt¬ 
age, the design in (a) exhibits a 
1% current-to-voltage conformity 
over a range of nearly six dec¬ 
ades. This design, like most log 
circuits, is based on the inherently 
logarithmic relationship between a 
bipolar transistor’s collector cur¬ 
rent (Ic) and base-emitter voltage 
(Vbe). 

In the design, Qia functions as 
the “logging” device and is includ¬ 
ed within op amp A’s feedback 
loop along with the 15.7-kfl/1-kn 
divider. An input to A forces the 
amp’s output to achieve the level 
required to maintain its summing- 
junction input at zero potential. 
But because Qa’s response is 
dictated by its IcA/be ratio, A’s 
output voltage is the log of its input. 

Op amp B and Qb provide 
compensation for Qa’s tempera¬ 
ture-dependent Vbe. B servos Qb’s 
Ic to equal the tO-fxA current 
established by the 6.9V LM329 
voltage reference and its associat¬ 
ed 700-kn resistor. This action 
fixes Qb’s collector current and 
therefore its Vbe. And under these 
conditions, Qa’s Vbe varies only as 
a function of the input, yielding 


E 


OUT 


^ 15-7k+1k ^ 


X (QbVbe QaVbe)- 


where K=Boltzmann’s constant, 
T=temperature in degrees Kelvin 
and q=electron charge. 

To find the circuit’s output, com¬ 
bine these equations to yield 


-KT\p5-7k+1k\ 
q /\ 1k ) 


X LOGe 


( E,h 700k \ 
U-9V lOOkA 


Here, 6.9V equals the LM329’s 
output, 100k is the input resistor 
and Ein>0V. 

Although this relationship con¬ 
firms the circuit’s linear-to-log 
transfer function, it’s not the whole 
solution: without some form of 
compensation, the circuit’s scale 
factor varies with temperature. 
The simplest solution is to have 
the 1-kn resistor also vary with 
temperature; using the indicated 
resistor, the design is compensat¬ 
ed to within 1% over -25 to 
-h100°C. 

If your application needs an 
exponential expansion instead of 


a logarithmic compression, just 
turn the circuit in (a) around. In the 
resulting exponentiator scheme 
(b), Qa gets driven via the 15.7- 
kfl/1-kn divider. Here Qb’s Ic 
varies exponentially with its Vbe, 
and op amp B converts this cur¬ 
rent into an output voltage. 

Although these Circuits are easy 
to construct and use, you must 
take one precaution: Because of 
the devices’ Vbe temperature de¬ 
pendency, you must keep the 
transistors and the 1-kfl resistor 
at the same temperature. The 
transistors are a dual unit and thus 
track each other. The 1 -kH resis¬ 
tor must be mounted as closely as 
possible to this unit, and the entire 
network must be isolated from air 
drafts and changing thermal cur¬ 
rents on the pc board. The KT/q 
factor for which the resistor com¬ 
pensates varies by approximately 
0.3%/°C; a few degrees difference 
between the components there¬ 
fore introduces a significant error. 



With Qa and Qb operating at 
different IcS, the differential VbeS 
are 


AV 


BE 




Logarithmic and exponentiating circuits employ the inherent logarithmic relationship 
of a bipolar transistor’s collector current to its base-emitter voltage. The logging circuit 
(a) displays an input-current-to-output~voltage transfer conformity within 1% over an 
input-current range of nearly six decades. Similar performance results when you reverse 
the circuit to form (bys exponentiator. A temperature-compensating resistor provides 
-25 to +100°C stability. 
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control environments. Such applications require a high 
pumping rate for system flushing or process startup but 
a much lower, very accurate flow for maintaining the 
process.) Trying to meet these requirements with, say, 
a dc motor is difficult at best; If the motor can deliver 
high-speed performance, accurate control at, say, 0.1% 
of its maximum speed proves difficult. 

Fig I's design, however, satisfies a pump's conflict¬ 
ing high/low-speed drive requirements by employing an 
exponentially controlled stepper motor as the prime 
mover. In this scheme, the exponentiator—comprising 
ICiA and Qia— gets driven by ICib. But here, unlike the 
version discussed in the box, Qib's collector draws 
current from integrator IC 2 A. This stage ramps up 
(trace A) until reset by level-triggered IC 2 B (trace B). 
(Trace C shows how the 100-pF capacitor provides 
positive ac feedback to this stage's + input.) In this 
fashion, the oscillator's frequency follows the amount of 
current that Qib draws from IC 2 b’s input. (Note that 
because IC 2 a's summing junction is always at virtual 
ground, this circuit is similar to the one in the box.) 

IC 2 b’s output clocks a dual JK flip flop that's wired to 
provide the 4-phase signal needed to drive the stepper 
motor. Using an exponentiator in this way, you achieve 
a very fine and predictable low-speed control (for 
example, 0.1 to 10 rpm), yet retain the motor's 
high-speed capabilities. To calibrate this circuit, ground 
the ViN pin and adjust the 0.1-Hz trimmer until 
oscillation just ceases. Next, apply 7.5V to Vin and 
adjust the 600-Hz trimmer for a 600-Hz frequency. 

Sweep the audio spectrum with four ICs 

By employing a more accurate voltage-to-frequency 
converter (VFC), you can extend Fig I's concepts to 


cover the complete audio spectrum (Fig 2). Intended 
for laboratory and audio-studio applications, this design 
provides an output frequency that varies exponentially 
with a linear input-voltage sweep. Because the scheme 
uses a VFC IC, its transfer specs remain within 0.15% 
from 10 Hz to 30 kHz. Thus, it's suitable for use in 
music synthesizers or for making swept distortion 
measurements. In the latter application, its output 
drives a sine-encoded ROM/DAC or analog shaper. 

In the Fig 2 circuit, ICib derives the voltage that 
drives ICia's input and the zero trimmer from the 
VFC's internal reference. The exponentiator functions 
exactly like the design described in the box to convert a 
linear input voltage into a nonlinear collector current 
for driving the VFC. The VFC's direct 10-Hz to 30-kHz. 
output also clocks a D flip flop and thus provides a 5-Hz 
to 15-kHz square wave. To align the circuit, ground the 
Vin port and adjust the zero trimmer until a 2- to 3-Hz 
oscillation just starts. Then apply ~8V and adjust the 
full-scale trimmer for a 30-kHz signal. For the compo¬ 
nent values shown, this process yields an exponentiator 
K factor of IV/octave. 

Try an electronic dipstick 

Fig 3 demonstrates how an exponential measuring 
circuit satisfies the requirement for a noninvasive, 
high-reliability gasoline gauge. This scheme nonlinearly 
measures a fuel tank's contents to suit applications— 
such as remote irrigation-pump installations—^that 
benefit from depleting the tanks as much as possible 
(without running out of fuel) to eliminate condensation 
buildup. Such performance requires a scale expansion 
near “empty" but not near “full." 

This acoustically based design operates by bouncing 
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Fig 2—An exponentially swept audio spectrum results when an input ramp voltage drives a voltage-to-frequency converter. 
Because the linear input is exponentiated, the circuit’s output frequency varies IVtoctave. 
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Ultrasonics and time expansion 
measure a fuel tank’s contents 


an ultrasonic signal off the fuel's surface and measuring 
the pulse's round-trip time—^the longer the time, the 
lower the fuel level. Round-trip time gets converted to 
a voltage that in turn gets exponentiated to yield a high- 
resolution readout when the tank is nearly empty. 

The 60-Hz-based clock pulse (trace A) drives a 
transistor pair and the sonic transducer ST with a lOOV 
pulse. This same clock signal concurrently disables the 
receiver (to preclude false responses arising from noise) 
via a one-shot (traces B and D) and sets a flip flop (trace 
C). The one-shot then again goes HIGH (D), and the 
receiver (using the same sonic transducer) “hears" the 
echo and resets the flip flop (C). (This elapsed time (C) 
represents the tank's remaining fuel.) The flip flop's 



output gets clamped by the LM329, integrated by ICm 
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Fig 3—A sonic transducer (ST) gauges a fuel tank’s contents by transmitting a signal and measuring the echo’s return time. When 
the 60-Hz clock fires the transducer (trace A), the receiver saturates (trace B) before it’s disabled by the 221 ’s LOW output, trace D. 
(Trace C shows the time-measuring flip flop being set HIGH by the same clock pulse.) A few milliseconds later, the 221 times out, 
going HIGH (D) and allowing the receiver to detect the echo (B) and reset the timing flip flop (C). 
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Fig 4—Photomultiplier tubes (PMTs) determine a grape’s ripeness by comparing its optical density with a reference. By using an 
active feedback, you can algebraically sum the PMTs’ outputs in a log-ratio amplifier to yield accurate results over a 5-decade range. 
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Photomultipliers determine grape 
ripeness, produce finer wines 


and exponentiated via IC 2 A, Qs and IC 2 B. The result 
drives a 1-mA FS meter. The design's IV/decade scale 
factor equates to a meter reading of 10% FS for an 
80%-full tank; the meter's last 20% corresponds to the 
tank's last 2%. 

Finer wines through science 

Another example (Fig 4) demonstrates how logarith¬ 
mic feedback networks can extend a photomultiplier 
tube's (PMT's) response range without employing 
complex current sources. 

This design determines an object's optical density 
using photometric techniques. In it, a light source is 
optically split; one beam passes through a density 
reference, the other through the sample. (The sample 
in this case is a grape. The object of the test is to 
determine its ripeness.) The PMTs detect the light 
beams' different intensities and convert these signals to 
output currents. (For a discussion of a PMT's character¬ 
istics and a suitable 1-kV power-supply design, see 
EDN, February 3, pg 127.) The PMTs' outputs—which 
can range from 10“® to 10“^A—get summed in a log-ratio 
stage. This technique results in an amplifier output 
that's proportional to the two channels' density ratio; 
it's a measurement that has a wide dynamic range and 
isn't affected by variations in the light source's 
intensity. Theoretically, a less-than-perfect current-to- 
voltage conversion results because the log amp's inputs 
aren't at virtual ground. In fact, however, this error is 
insignificant because the PMTs' output impedance is 
very high. This simple circuit's most significant error 
results from the transistors' collectors operating at 
slightly different potentials. But for this application, 
you'll never taste the difference. EDM 
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Current-source alternatives 
increase design flexibility 

An op amp’s feedback loop is an excellent constant-current circuit. 
But if your requirements call for a ground-referenced load, high 
speed or high efficiency, consider several other approaches. 


Jim Williams, National Semiconductor Corp 

If traditional feedback-loop-based methods of current 
control aren't adequate for your needs, investigate 
some alternative approaches to designing constant- 
current sources. The circuits described here can prove 
useful in a variety of applications requiring current 
rather than voltage control—resistance-temperature- 
detector (RTD) and thermistor excitation, ramp gen¬ 
eration and deflection-yoke modulation, for example. 

Traditional method exhibits shortcomings 

The most commonly used current source—the one 
most frequently encountered in op-amp cookbooks — 
is the feedback loop of an operational amplifier (Fig 
1). Although the amplifier's voltage gain varies with 
Rfb, the current in the feedback loop remains fixed, 
assuming a fixed Ein and Rref- Thus, the op amp, 
viewed from the feedback resistor, is a constant- 
current source. The amplifier inputs accommodate 
offset and scaling. 

In general, this simple op-amp-based circuit provides 
good results. You can increase current or voltage 
compliance by adding an output stage, and precision 
greater than 0.01% is easy to achieve. However, the 
approach also has limitations. The most serious is that 
the current-driven load isn't referred to ground. 
Although the amplifier junction is at OV, it's forced 
there by feedback and remains sensitive to noise and 
lead capacitance. Thus, because remote transducers 
and test fixtures are often driven with respect to 
ground, feedback-loop designs often exhibit problems. 

Providing a grounded load 

The clever circuit shown in Fig 2, devised in 1959 by 
B Howland at MIT, solves this ground-reference 
EDN SEPTEMBER 1, 1982 



NOTES: 

FOR 1 = 0V 
IpB = IrEF 


'ref - 


E|n 

Rref 


Fig 1—A feedback-loop-based current source produces 
excellent results but isn’t useful in applications requiring a 
ground-referenced load. 


OPTIONAL 



Rl - ^2 

R3 =: R4 

2. ALL AMPLIFIERS^ LM11 


Fig 2 —A Howland current-source circuit supplies a 
grounded load and has differential inputs. 
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Ground-referenced sources 
improve instrumentation 


problem. This single-amplifier circuit is a true instru¬ 
mentation-grade current source: It supplies a grounded 
load and has fully differential inputs. You can delete the 
input followers if you donT need high input impedance. 

Because positive feedback makes the circuit’s output 
impedance appear infinite, understanding circuit opera¬ 
tion isn’t easy. To start, assume Ei is OV, E 2 is some 
positive value and the load is a short circuit. The 
configuration is then the well-known inverting amplifi¬ 
er. Because the input Ei is at OV, the output is also OV, 
and input current E 2 /R 2 is the only current flowing into 
the now-shorted load. 

As the current-driven load’s resistance increases, the 
voltage across the load also increases. This increasing 
voltage at the op amp’s noninverting input forces the 
voltage at the inverting input to rise. As a result, the 


negative-feedback network causes the op-amp output to 
rise above the inverting-terminal potential; the op amp 
supplies the additional current to the load that’s no 
longer supplied from E 2 . In other words, as the load 
value increases, less and less current gets taken from 
E 2 , with the op amp taking up the slack. 

For precision results, this circuit demands an op amp 
with good common-mode rejection; in dc operation, an 
LMll provides 0.01% precision without too much 
difficulty. ( Ed Note: A future article will examine the 
Howland circuit in greater detail.) 

Increasing voltage compliance 

Another way to achieve grounded-load operation 
involves the circuit shown in Fig 3. Here, the op amp 
forces the voltage across Ri to equal the LM385 voltage 




Fig 3—^Another way to achieve grounded-load isolation is 

to force the potential across R^ to equal the LM385’s 1.2V 
reference voltage. This circuit achieves higher voltage 
compliance than Fig 2’s. 


Fig 4—Achieve voltage control by forcing the voltage drop 
across R 2 to equal the drop across R^. 


NOTES; 15V 



Fig 5—High-speed operation results when you abandon feedback techniques. Obtain ramp-and-pedestai operation by gating the 
charging current to the loop’s capacitor. 
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reference's 1.2V potential, regardless of transistor Q/s 
load. The 4.7V zener diode ensures that the op amp's 
inputs are within its common-mode range. The circuit's 
output current measures 

I=1.2V/Ri. 

This circuit's advantage compared with the Howland 
design is its greater voltage compliance. That is, it 
exhibits a greater ability to maintain current in 
high-resistance loads. (In an ideal current source, the 
voltage goes to infinity when you increase the load 
because the source tries to maintain constant current. 
In Fig 3’s circuit, the voltage output rises with 
increasing load resistance to a maximum value of 24V; 
beyond this voltage-compliance value, the output 
source can no longer increase the resistor's voltage, and 
it clips.) 

Voltage-controlled source sports high impedance 

If you need a voltage-controlled ground-referenced 
current source, consider Fig 4's design. This circuit 
features high input impedance and noninverting opera¬ 
tion. Aia and Qs act as a voltage follower, producing an 
input-voltage-controlled drop across Ri. Aib and Q 2 then 
force this drop to appear across R 2 ; Q 2 's collector 
supplies the output current. Qi acts as a voltage 
regulator, reducing the supply voltage to 12V so that 
Aia and Aib operate within their common-mode range. 

The 250n potentiometer provides trimming, result¬ 
ing in an input/output relationship of 1 mA/V. To set the 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

500 nSEC/DIV 

B 

0.2V/DIV 

50 nSEC/DlV 


Fig 6—The ramp-and-pedestal operation of Fig 5’s circuit 
shows sharp transitions, with no ripple. 


scale factor, apply lOV to the input and adjust the 
potentiometer for 10-mA output. You can alter the scale 
factor by changing R 2 . 

Abandon feedback for high speed 

In addition to lacking the ability to operate with a 
grounded load, feedback-loop-based circuits can't 
achieve accurate high-speed operation without using 


12V 

REFERENCE NOTES: 



Fig 7—A bipolar current source generates a highly linear triangular wave, it functions by alternatively charging and discharging a 
capacitor with positive and negative currents. 
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Abandon feedback for 
high-speed operation 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2 mA/DIV 

200 nSEC/DIV 

B 

2V/DIV 

200 nSEC/DIV 

C 

20V/DIV 

200 nSEC/DIV 

D 

10V/DIV 

200 nSEC/DIV 


Fig 8—Performance to several megahertz characterizes 
Fig 7's circuit. 

elaborate and expensive op amps. That is, the ac 
dynamics of maintaining accurate feedback place limita¬ 
tions on loop-based current sources. Fortunately, 
several high-speed alternatives are available. 

In Fig 5, for example, the Q 1 /Q 2 transistor current 
source supplies a gateable current to the 100-pF 


capacitor to produce a very-high-speed voltage ramp. 
(Q 2 is the actual current source, with Qi furnishing Vbe 
compensation.) The LH0033 buffer provides a low- 
impedance output; the LM385 reference fixes the 
current, which you can vary by changing the value of 
Q 2 's emitter resistor. 

Q 3 gates the current source by reverse-biasing Q 2 . 
This procedure allows you to obtain the high-speed 
ramp-and-pedestal operation shown in Fig 6 ^s trace 
A—a common requirement in nuclear- and particle- 
research instrumentation. Because the design has no 
feedback loop, operation is quick and clean, even at 
high speed. Fig 6 ^s trace B shows an expanded version 
of the center section of trace A. Here, the pedestal 
begins to ramp as the source is gated ON. The 
transition is sharp, with no discontinuities. 

Another high-speed current source appears in Fig 7. 
Here, alternately charging a capacitor with positive 
and negative current sources generates a high-linearity 
1.5-MHz triangle wave—a capability that op-amp based 
circuits canT achieve. The positive current source Qi 
supplies a current of value 21 to the 100-pF capacitor, 
while Q 2 sinks I. The resulting charging current is I, 
and the capacitor charges linearly. Fig 8 's trace A 
shows the charging current, while trace B depicts the 
voltage across the capacitor. 

When the capacitor voltage ramps sufficiently high, 
the LM319 comparator changes state (trace C), turning 
transistor Q 3 ON. This action back-biases Qi (trace D), 



Fig 9—A switching converter provides 0 to 50 mA into a load, with a compliance of 200V. 
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shutting off the 21 current flow. From this point on, the 
capacitor discharges at a rate proportional to I until the 
LM319 changes state again, reinitiating the cycle. 

The zener bridge and associated diodes ensure a 
stable, bipolar comparator trip point, while the 100-pF 
comparator input capacitor compensates for propaga¬ 
tion delay. The LH0033 unloads this capacitor, and the 
quad op amp sets the bias points for the current 
sources, using the LM329 as the master reference. Aia 
and Aic generate ±12V for the Qi and Q 2 emitters, 
while Aib and Am bias the transistors' bases. The 
33fl/4.7-jjLF combinations furnish decoupling, and the 
±12V emitter voltage also biases the comparator's 
output stage. 

You can vary the triangle-wave frequency by driving 
Aib directly, changing the current sources' base bias. 
With a good ground plane and a low-capacitance wiring 
technique, the current sources can generate good 
triangle waveforms out to several megahertz. To adjust 
the circuit, trim the Iadj potentiometer until the 
triangle waveform is symmetrical. This action essen¬ 
tially adjusts the 1/21 ratio and also corrects for 
propagation-delay-induced errors. 

Use a switched-mode source for efficiency 

Some current-source applications require high cur¬ 
rent or high compliance voltage, and in these cases, 
efficiency suffers. The source shown in Fig 9, however, 
operates in switched mode to achieve low losses. 
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Fig 10—Because the pulse drive of Fig 9’s switching 
converter is not a square wave, the waveforms appear 
distorted. But the current in the transformer primary is clean 
and distortion free. 


This current source provides 0 to 50 mA into a load 
with a compliance limit of 200V. The LF411 receives 
the control-voltage input and biases the LM3524 
pulse-width modulator. The complementary LM3524 
outputs (Fig 10, traces A and B) drive the VMOS 
transistors at 30 kHz. The toroidal transformer pro¬ 
vides a voltage step-up when excited by these VMOS 
transistors (drain waveforms appear in traces C and D). 
Because the pulse drive is not a square wave, the 
drain-voltage waveforms appear distorted. But the 
current in the transformer primary is clean and orderly 
(trace E). The transformer output gets rectified and 
filtered to produce the current output. 

The LM363 divides down the voltage across the lOOfi 
shunt resistor to a usable level; it also transforms the 
voltage to single-ended form. The LM363 is trimmed to 


15k 



Fig 11—A deflection-yoke driver achieves precision cur¬ 
rent drive, avoiding display distortion. 


a gain of 30; its output returns to the LF411, 
completing a loop that forces the pulse-width modulator 
to run at whatever duty cycle is required to keep the 
current through the lOOfl shunt constant, regardless of 
loading conditions. Although the pulsed transformer 
can develop a 200V output, it's loop-limited to produce 
only the voltage required to satisfy the circuit's current 
output. The result? High efficiency. 

The VMOS devices permit high-speed operation 
while requiring little drive. The LF411 gets driven 
from the LM3524's internal 5V regulator, ensuring that 
the LM3524 input can't be overdriven during startup or 
transients. The capacitors at the op amp ensure loop 
stability, and the 20-kf2 potentiometer trims the 
circuit's 100-mAW scale factor. 

Deflection yokes require current drive 

As a final example of a constant-current source, 
consider the circuit shown in Fig 11. It provides a 
carefully controlled current drive—^useful in a precision 
display's deflection yoke, whose magnetic field is 
proportional to the current through it. 

The LHOlOl power op amp provides a current- 
controlled drive to the yoke at a scale factor of IV/A. 
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Obtain high efficiency 
with a switching converter 


The 3311 resistor furnishes yoke damping; without it, a 
high inductive flyback voltage would be produced at a 
step discontinuity. The 1000-pF capacitor trims the 
circuit. For a ramp input (Fig 12, trace A), the yoke 



TRACE 
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HORIZONTAL 

A 

2V/DiV 

20 /^SEC/DIV 

B 

5V/DIV 

20 /^SEC/DIV 

C 

2A/DIV 

20 /.SEC/DIV 


Fig 12—Clean-rising waveforms and the absence of unruly 
dynamics characterize Fig 11 s circuit. 


input current (trace C) rises cleanly with no ripple or 
discontinuities. When the ramp resets, the inductor 
current falls to zero, and the op-amp output (trace B) 
must swing sharply negative to compensate for the 
inductive flyback. Because damping is optimized, the 
yoke-current sweep reset is clean and doesn't cause 
display distortion. EDW 
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Analog design techniques 
suit process-control needs 

Although analog circuits are relatively inflexible, they can furnish 
process-control systems with operational features comparable to 
those attainable using digital methods. A stepper-motor 
pump-drive application illustrates the techniques involved. 


Jim Williams, National Semiconductor Corp 

For many process-control applications, analog control 
circuits prove a better choice than their digital 
counterparts, especially when you expect low product 
volumes and when fast design time and high noise 
immunity are design priorities. In fact, if you’re 


PROCESS 

VESSEL 



Fig 1—In this conceptual computer-controlled chemical¬ 
mixing system, the computer governs several pumps 
delivering chemicals to the process mixing vessel by 
periodically sending updated pulse-width-modulated com¬ 
mands that control the pumps’ speeds. 


working with well-defined operational specifications 
and don’t anticipate having to make major modifica¬ 
tions, analog methods serve as viable alternatives to 
intelligent but dedicated and expensive hardware/ 
software approaches. 

Controlling a pump’s speed 

To demonstrate, this article describes the design of 
an analog pump controller that manipulates computer¬ 
generated command pulses to regulate stepper-motor- 
driven pumps in a critical chemical-mixing process. The 
controller/pump system furnishes precise fluid delivery 
at both fast and slow rates, a requirement often arising 
in chemical and biological process-control systems, 
which demand high pumping rates for flushing or 
process startup and slow but accurate flow rates for 
mixing precise amounts of liquid. Although dc motors 
can deliver adequate high-speed performance, they 
often need complex and expensive digital control to 
perform well at very slow speeds. In contrast, exponen¬ 
tially driven stepper motors can easily handle a pump’s 
conflicting high- and low-speed drive requirements. 

Fig 1 diagrams a computer-driven system that 
governs several pumps feeding an intricate chemical 
process. The computer controls each pump’s speed by 
periodically sending a pulse-width-modulated control 
command. Because the computer runs in a time-shared 
manner, each pump controller must retain the last 
received pulse width’s value. 

In this application, each pump gets speed-updated 
every 30 sec by a 50- to 1000-msec pulse. The pump 
drive must provide optimum speed-setting resolution 
for the low-speed ranges to provide increasingly slower 
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flow rates as the system approaches crucial mixing 
conditions. And the controller must possess a high 
degree of noise immunity to prevent spurious noise- 
induced responses from degrading process quality. 

Fig 2 illustrates a laP-based-controller scheme. In 
this arrangement, the computer delivers an input pulse 
that gates a clock. The clock in turn serially loads a 
bank of parallel counters that determine the input pulse 
width. The counters address a processor section that 
converts input data to a frequency output, using an 
exponential transfer function—a nonlinear response 
that achieves the required high resolution (precise 
liquid delivery) at slow pump speeds. Finally, the 


frequency output activates a stepping-motor driver 
that runs the pump. 

On the surface, this digital controller's operation 
appears relatively simple. However, the application 
masks some tricky design problems. For example, the 
lengthy period between speed updates, coupled with 
the need to avoid erroneous pump responses, mandates 
careful power-supply design, including provision of 
such functions as RFI filtering, memory battery 
backup and self-checking software. 

In addition, the need for a high-resolution, smoothly 
varying frequency-output function demands careful 
design attention to how the processor synthesizes its 


PULSE-WIDTH 

INPUT 

FROM 

COMPUTER 



STEPPING 

MOTOR 


Fig 2—Upon receiving gated pulses, a \j.P converts timed computer data into a frequency output, using an exponential transfer 
function. This nonlinear response results in the necessary high-resolution-at-low-speed characteristics for accurately controlling 
pump operation with a stepper-motor driver. The problems that can arise with this digital approach to controlling Fig 1 's mixing 
system include noise sensitivity, memory-retention difficulties and an undesirable quantized frequency-shift characteristic. 
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Fig 3—In this analog-pump-controller approach, a computer's command pulses direct a current source, which in turn charges a 
storage capacitor that provides noise-immune analog-data retention. When the command pulse ceases, the sample I hold amp 
receives the capacitor’s stored voltage and delivers it to the exponential voltage-to-frequency converter (VFC). The VFC activates 
the stepper-motor driver in a continuous, smooth manner; the turn-off stage deactivates the motor driver. 
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Analog functions prove adequate 
in simple process-control tasks 


output. Although these problems are amenable to 
solution, they complicate the controller's design and 
entail lengthy development time and high cost. 

Take the analog route 

Considering the task's conceptual simplicity, howev¬ 
er, reveals a clear edge for an analog-control approach 
to satisfying this application's critical requirements. A 
turnkey system, it needs little intelligence or flexibility 
and can employ a straightforward data-retention struc¬ 
ture. And although the digital p-P-based approach can 
also meet these requirements, it involves substantial 
hardware and software overhead to overcome noise- 
immunity and frequency-shift-resolution problems. 

The analog-based design surmounts these obstacles, 
providing inherent noise immunity and superior fre¬ 
quency-vernier capability. More important, though, an 


analog approach eliminates the intensive software 
effort required by pP-based methods. As a matter of 
record, the analog pump-controller design was con¬ 
ceived, breadboarded and released for production in 
just 4 wks—and at a cost competitive with an 
alternative pP-based method. 

Fig 3 depicts the analog system. In this scheme, a 
capacitor furnishes memory storage. An exponentially 
responding voltage-to-frequency converter (VFC) ful¬ 
fills the function of Fig 2's processor. In operation, the 
computer's command pulse gates a current source that 
linearly charges the storage capacitor. While the 
capacitor is charging, the sample/hold stage enters 
Hold mode, blocking the capacitor's ramping action 
from the VFC. 

When the command pulse just ceases, the capacitor 
achieves a voltage level that the sample/hold accepts 


NOTES 

MOTOR = SUPERIOR ELECTRIC MO62-FD04 

ICi, 2 = LM339 QUAD COMPARATOR 

Ai 2,3= LF412 DUAL OP AMP 

DlbbES = 1N4148 

1k+ =TEL LABS TYPE Q81 

* =1% FILM 

t = TEMPERATURE COMPENSATING 
tt= POLYSTYRENE 

INPUT PULSE WIDTH RANGE = 20 mSEC TO 1.1 SEC; 
A 1.5-SEC PULSE WIDTH DISABLES PUMP 
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and feeds to the VFC. By issuing an extremely wide 
pulse, the computer actuates the turn-off stage, which 
deactivates the stepper-motor drive. 

Optoisolation eliminates noise 

Fig 4 shows the analog pump controller’s schematic 
diagram. To initiate circuit action, the computer sends 
an input pulse to the 4N28 optoisolator, which elimi¬ 
nates noise-pickup-induced ground-loop and data-line 
problems. Appearing at its emitter, the optoisolator’s 
output (Fig 5, waveform A) goes to ICia and ICib- ICia’s 
differentiator setup—a O.OOl-p.F/33-kn combination— 
generates a short pulse (Fig 5, waveform B) that biases 
Q 7 . This transistor in turn resets its associated 1 -p.F 
capacitor (Fig 5, waveform C). 

Note that Qs’s emitter supplies the current to 
base-bias Q 7 ON because ICu is an open-collector 


device. In turn, Qs receives its base bias from the 
optoisolator, which provides a drive output only whfen a 
command pulse appears at the controller circuit’s input. 
Consequently, in the highly unlikely event that a 
severe noise disturbance causes ICia s output to rise, Q 7 
still doesn’t receive a drive pulse, and its 1-p.F capacitor 
does not get reset. 

The l-Mn/4.7-|xF filter, which feeds ICia s minus 
input, provides additional noise immunity by ensuring a 
stable trip point during noise disturbances. The 
optoisolator’s output also goes to ICib, which gates the 
Qi current source. When Q 7 turns off, its 1 -|jlF capacitor 
immediately starts to ramp up (Fig 5, waveform C). 
(Circuit-operation speed in Fig 5 has been increased to 
provide optimum waveform photographs.) Then, the 
Aib follower unloads the capacitor. 

Diode/capacitor decoupling of Qi assures high noise 
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Fig 4—This pump-controller circuit incorpo¬ 
rates inexpensive standard analog components 
that produce sophisticated computer-like 
stepper-motor-drive control. It employs an 
optoisolator for noise immunity, an expo¬ 
nentially responding voltage-to-frequency 
converter for precision slow-motor-speed 
variation, a counter chip for feeding phased 
drive signals to the stepper motor and 
trimmers for adjusting the circuit's opera¬ 
tional endpoints. 
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A voltage-to-frequency converter 
controls stepper-motor drive 


rejection, even for supply dropouts, during the capaci¬ 
tor's ramp time. During ramping, IC 2 a’s output stays 
LOW and shuts off Si. This switch maintains Aia^s 
output at a dc level. When the controller's input pulse 
ceases, ICib’s output goes LOW and disables Qi. The 
integrating 1-|ulF capacitor therefore stops charging. 
Concurrently, IC 2 a's output goes HIGH and closes Si. 
As a result, Aia s output changes to the capacitor's 
newly acquired level. Located in Aia s input section, the 
3-MD/0.47 -|jlF filter provides a time constant that limits 
the stepper motor's acceleration rate, thereby prevent¬ 
ing stalling. 

Try an exponentiator 

Op amp Aia's output feeds the A 2 -A 3 configuration, 
which forms an exponentially responding VFC that 
controls the input current to the A 3 A-A 3 B integrator- 
comparator-type oscillator stage. To accomplish this 
function, A 2 B and the LM394's dual transistors consti¬ 
tute a voltage-input, current-output exponentiator in 
accordance with transistor Vbe-vs-Ic characteristics. 

The 1 -kO temperature-compensating resistor con¬ 
nected to the LM394 thermally compensates for the 
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V/DIV 
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Fig 5—Important waveforms found in the analog pump 
controller’s input section include the 4N28 optoisolator’s 
pulsed emitter output (A), /Cia's plus input or memory-reset 
spike for biasing 0? (B), Qt’s output or current-source-driven 
ramp for resetting the 1-\i.F memory capacitor (C), /Cid's 
output pulse for shutting down the stepper-motor driver via 
IC 2 B and IC 2 C (O) and IC^c's plus input, which never charges 
above 10V for the normal range of incoming pulse widths (E). 
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Fig 6 —The CD4022 counter chip in Fig 4’s pump-controller 
circuit sends properly phased frequency-modulated drive 
signals to the pump motor. Waveform A, for example, 
represents A^a’s ramp output; waveform B shows Aae's 
positive input reset signal; waveform C details Asb's output 
pulse; and waveforms D through G depict the four phase- 
drive signals to O 3 through Qs via diode-ANDed outputs. 


KT/Q drift factor. Similarly, the LM394's dual transis¬ 
tors suppress Vbe's contribution to temperature error. 
A 2 A biases the exponential converter's input range by 
combining Aia's output with the necessary offset term 
for proper exponentiator operation. Trimmers allow 
you to adjust the 1200- and 0.2-Hz endpoints. 

A 3 b’s pulse-train output contains frequency compo¬ 
nents that relate exponentially to the controller cir¬ 
cuit's most recently received input-pulse width. It 
drives the CD4022 counter chip, which generates four 
properly phased signals (Fig 6) for driving the stepper. 

Driving the pump 

The additional sections of ICi and IC 2 allow the 
computer's command pulse to shut down the pump. For 
the normal range of input widths, the 1-|ulF capacitor at 
ICic's plus input (Fig 5, waveform E) never charges 
above lOV. Under these conditions, ICic's output 
always stays LOW. The only source available to charge 
the 1-|jlF capacitor tied to IC2b's minus input thus comes 
through the 18-Mfl resistor. 

However, during normal operation, Aia's output 
remains positive, ensuring that IC 2 b's negative input 
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Use an optoisolator to 
eliminate noise effects 


stays that way. This condition forces IC 2 b^s open- 
collector output to float. If the controller circuit 
receives an input pulse substantially wider than the 
normal maximum, therefore, ICic's input charges above 
lOV. This action quickly dumps a large charge into 
ICsb's 1-|jlF capacitor, forcing its voltage level to rise to 
the negative rail. This value pulls Aia s input negative, 
turns on Q 2 and cuts off all drive signals to the output 
transistors (Q3 to Qe). 

Aia s negative output also feeds back to IC 2 C, driving 
that device’s output positive. This output supplies a 
continuous topping-off current to IC 2 b^s input capacitor. 
The connection completes a positive feedback latch, 
which prevents the pump from operating until the 
counter receives a pulse width within the controller 
circuit’s normal range. ICm functions to clear out the 
IC 2 B capacitor’s charging action (Fig 5, waveform D) as 
each new command pulse arrives. 

The time constant associated with Aia^s input section 
lets the controller circuit examine each received pulse 
and never disables this clamping performance unless 
the pulse width resides within established limits. 
Although the latch’s positive feedback doesn’t require 
the computer to send successive shutdown instructions 
to the pump, the controller circuit ensures that the 
pump’s motor can’t be energized, even briefly, if 
successive turn-off-length pulses appear. EDN 
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Conversion techniques 
adopt voltages to your needs 


Different parts of your system often need specialized voltages. 
A variety of conversion techniques can help you obtain 
these voltages from the main supply. 


Jim Williams, National Semiconductor Corp 

Need more than one voltage in a single-supply system 
design? You can tailor the main system supply by using 
a variety of techniques; understanding how each works 
lets you choose the one most appropriate to producing 
the levels—and characteristics—you need. 

Analog circuits need ±15V 

Specifically, note that if you have a 5V logic rail 
available in your system but need ±15V, it^s easy to 


construct a dc/dc converter with an oscillator, a 
transformer and a rectifier circuit. However, most 
dc/dc converters suffer from large noise spikes generat¬ 
ed by the fast-switching oscillator. So if the analog 
circuitry is especially sensitive to power-supply noise, 
you can eliminate or minimize the switching noise by 
using an interrupt-driven converter or a full-duty- 
cycle, low-noise converter. 

Fig 1 shows an interrupt-driven circuit. The LM3524 
switching regulator runs open-loop; its Q 1 -Q 2 output 
pair drives the step-up transfoiroer. Unlike a standard 



Fig 1—^Totally noise free, this 5V to ±15V converter stops running when you supply a TTL shutdown pulse. The 100 -ilF output 
capacitors provide voltage hold-up while your circuit operates. 
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Interrupt switching 
for noise-free operation 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/D1V 

200 /iSEC/DIV 

B 

1A/DIV 

200 EC/D IV 

C 

5V/DIV 

200 /iSEC/DIV 

D 

20 mV/DIV 
(AC COUPLED) 

200 mSEC/DIV 


Fig 2—^The center portion of this scope photo shows the 
drop in output noise (trace D) that occurs when Fig I s 
converter shuts down. 


TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

20 /iSEC/DIV 

B 

10V/DIV 

20 /iSEC/DlV 

C 

10V/DIV 

20 /iSEC/DIV 

D 

500 mA/DIV 

20 /iSEC/DIV 

E 

2 mV/DIV 
(AC COUPLED) 

20 /iSEC/DIV 

F 

100 mV/DIV 

20 /iSEC/DIV 


Fig 4—Barely discernible spikiness is visible in the output 
(trace E) of Fig 3’s low-noise converter. 
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Fig 3—A low-noise converter, this 5V to ±15V circuit runs continuously, but the output transistors’ controlled turn-on and turn-off 
minimize spikes. 
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Fig 5—Powered by a 1.5V battery, this dV-output design 
can drive low-power circuitry for months from one cell. 


dc/dc converter, this circuit uses an external clocked 
oscillator, allowing you to synchronize the converter to 
the host system. To use this feature, you disable the 
LM3524's internal oscillator by grounding the capacitor 
timing pin and apply the system clock to the oscillator 
output, yielding a 50% switching duty cycle. 

To obtain a noise-free ±15V output for a critical 
circuit operation such as an A/D conversion or a 
sample/hold acquisition, interrupt the switching by 
applying a TTL-level pulse to the LM3524's shutdown 
pin. This action stops the converter, leaving the large 
output capacitors as a virtually noiseless dc source to 
power the output regulators. 

Fig 2 details the circuit's performance; traces A and 
B show Qi's voltage and current waveforms, respective¬ 
ly (Q 2 's waveforms are similar). Trace D depicts the 
15V output line (the ~15V line is similar): The noise 
pulses caused by the switching circuitry are clearly 
visible. When the interrupt pulse is applied (trace C), 
the noise disappears. The large output filter capacitors 
EDN NOVEMBER 10, 1982 


provide adequate ±15V holdup time for the critical 
operation required while the interrupt pulse is HIGH. 

Don’t interrupt—just quiet down 

If you need a 5V to ± 15V converter with low (but not 
necessarily zero) noise, consider the continuously 
running circuit shown in Fig 3. Here, the LM311 
multivibrator clocks the LM3524 (Fig 4, trace A), 
whose internal oscillator is again disabled by grounding 
the timing-capacitor pin. WTiile the LM311’s output is 
HIGH, the LM3524 cuts the drive to Qi and Q 2 , helping 
to minimize switching noise. 

The main contributor to low-noise performance is the 
base-drive slowdown network used with Qi and Q 2 : The 
3900/0. 1-)jlF time constant slows turn-on, and the diode 
forces base-emitter charge trapping to delay turn-off. 

The effect of these components is evident in the Q 1 -Q 2 
collector-voltage waveforms (Fig 4, traces B and C) and 
Q 2 ’s current waveform (Fig 4, trace D). Note that the 
LM3irs long ON time permits no current to flow in Q 2 
until well after Qi has turned off. Moreover, the 
current’s rise and fall times are smoothly controlled and 
long, unlike those of the more common fast-switching 
converters. Therefore, very little harmonic content 
appears in the transformer drive, so converter output 
noise (Fig 4, trace E) is exceptionally low. In addition. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

0.1V/DIV 

lOmSEC/DIV 


(AC COUPLED) 


B 

1V/DIV 

lOmSEC/DlV 


Fig 6 — The on-demand operation of Fig 5's 1.5V to 5V 
converter is evident in this scope photo. The converter turns 
on when the output drops to approximately 4.93V and off 
when it rises to roughly 5.07V. 
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Power CMOS ICs for months 
with one D cell 


the disturbance to the 5V rail (Fig 4, trace F) is small 
compared with standard designs. 

This circuit’s low noise comes at the expense of 
efficiency and available output power, though; During 
the slow base transitions, Qi and Q 2 dissipate power, 
reducing efficiency to about 50% and available output to 
approximately 50 mA. Heat-sinking Qi and Q 2 won’t 
help, either, because it involves the risk of secondary 
breakdown. The circuit is, however, short-circuit 
protected by the O.IH emitter resistor and the 
LM3524’s current-limiting circuitry. 

Power circuits from a battery 

What if your basic system supply is a battery? The 
circuit depicted in Fig 5 supplies 5V from a 1.5V 
source—such as a battery, saltwater cells or a solar-cell 
stack. With 125 -|jlA load current (typically 20 CMOS 
ICs), it runs for 3 months on one D cell. 

The circuit is unusual because the amount of time 
required for Qi and Q 2 to drive the transformer is 
directly related to the load resistance. The LMIO 
op-amp/reference IC compares the converter’s output 
with its own internal 200-mV reference via the 
5. l-MD/250-kD voltage divider. Whenever the convert¬ 
er’s output drops below 5V, the LMIO output goes 
HIGH, driving the Q 1 -Q 2 -T 1 oscillator circuit. The 
rectified transformer output then charges the 47-|jiF 



TRACE 

VERTICAL 1 

1 HORIZONTAL 

A 

5V/DIV 1 

2 mSEC/DIV 

B 

5V/DIV 

2 mSEC/DIV 

C 

5V/DIV 

2 mSEC/DIV 

D 

50 mA/DIV 

2 mSEC/DIV 

E 

200V/DIV 

2 mSEC/DIV 


I Fig 8—The inductor current in Fig 7's design (trace D) 
supplies the energy to generate the circuit’s 200V output. 
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O-40V 


Fig 9—Test line-operated devices with this variable-voltage and -frequency converter. From a 40V dc input, you can get 90 to 140V 
ac at 50 to 70 Hz. 
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Use a flyback circuit 
to obtain high voltages 


capacitor to a value high enough to cause the LMIO 
output to go LOW, thereby cutting off the oscillation. 

In Fig 6, trace B shoves the collector voltage of Qi; 
trace A shows the converter's output voltage (ac 
coupled). Note that each time the output voltage drops 
a certain amount, the LMIO drives the oscillator, 
causing the output voltage to rise until it's sufficiently 
high to switch the LMIO to its LOW state. 

The output load determines the frequency of the 
regulating action, and the 0.1-(jlF capacitor provides 
hysteresis, preventing the converter from oscillating 
around the trip point. Very low loading of the converter 
results in virtually zero oscillator ON time, while large 
loads cause the oscillator to run almost constantly 
(typical operating frequencies are between 0.1 and 40 
Hz). The germanium rectifiers minimize voltage drop. 

If you need a very high voltage, consider the 


flybackrtype converter shown in Fig 7. It generates 
200V (regulated) into a 500-|jlA load from a 5V supply 
and thus serves applications such as gas-discharge 
displays, piezoelectric transducers and strobe lamps. 
Half of the LM393 op amp (LM393a) functions as a 
constant-width-output voltage-to-pulse-rate clock. The 
O.l-jxF/lOO-kfl combination, together with the 2.5V 
from the LMIO op-amp/reference IC, fixes the output 
width at about 4 msec. The 100fl/2.2-iJLF pair provides 
bypassing for the 2.5V reference, and the 0.1-|xF/10-kn 
constant and the input voltage set clock frequency. 

Each time LM393 a s minus input charges above its 
plus input, its output goes LOW (Fig 8, trace A), 
drawing charge from both 0.1-|xF capacitors. When the 
device's output is LOW, its minus input is clamped at 
0.6V and its plus input (Fig 8, trace B) rises until it 
exceeds that level. Then the output goes HIGH, ending 
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Fig 10—Start and run a laser w/f/? th/s 35V to 1300V converter. It furnishes an 8000V pulse that repeats as often as needed until the 
laser starts. 
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Fig 11—Using tried-and-true technology, this ±15V to 1000V hybrid-semiconductor/vacuum-tube converter incorporates 
inexpensive components and is very forgiving of overloads. 


the timing cycle and reinitializing the entire process. 
The 1N914 diode prevents a differentiated positive 
response at LM393 a s plus input, allowing the circuit to 
recover quickly for the next cycle. 

LM393b, meanwhile, inverts the clock's output and 
drives Qi. When this op amp's output goes HIGH (Fig 
8, trace C), Qi turns on, its collector current rises (Fig 
8, trace D) and the 100-|jlH inductor stores energy. ( Ed 
Note : The current probe is ac coupled—the long tail is 
actually flat.) WThen LM393b's output goes LOW^ the 
magnetic field in the inductor collapses and Qi's 
collector voltage rises to about 200V (Fig 8, trace E). 
This high-voltage spike gets clamped and stored by the 
lN4004/l-|xF combination at the circuit's output. 

The LMIO compares a divided-down portion of the 
output with its 2.5V internal reference. The difference 
voltage at the LMIO output then closes the loop at 
LM393 a s clock. The lO-Mfl/l-ixF feedback components 
set loop gain and frequency compensation. 

Vary voltage, frequency with ac line converter 

If you must generate a variable-frequency and 
EDN NOVEMBER 10, 1982 


-amplitude ac supply from a 40V source, consider Fig 
9's circuit. This arrangement is ideal for testing 115V 
ac, 60-Hz line-powered loads for sensitivity to ampli¬ 
tude and frequency variations. The frequency of its 
sinusoidal output is voltage controllable from 50 to 90 
Hz; output amplitude is also voltage controllable over a 
90 to 140V ac range. 

In the circuit, the LM331 V/F converter and flip flop 
form a voltage-controllecj square-wave clock that drives 
the MFIO filter. That device, together with an LM311 
comparator, forms a resonator that generates stable- 
amplitude sine outputs without using AGC circuitry. 
The MFIO operates as a Q-of-lO bandpass filter that 
rings at its resonant frequency in response to a step 
input. The LM311, upon receipt of this ringing signal, 
creates a square-wave input signal for the bandpass to 
regenerate the oscillation. 

The bandpass output is the filtered fundamental 
frequency of a 50%-duty cycle square wave. The clock 
controls the filter's center frequency, in turn setting 
the oscillation frequency. The peak-to-peak swing of 
the MFlO's square-wave input (defined by the back-to- 
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Build an isolated ac supply 
using a bandpass-filter 1C 


back diode clamps at the LM311 output) determines the 
circuit's output amplitude. 

The LM331 is biased so that a 0 to lOV input yields a 
50- to 70-Hz sine-wave output at the MFIO. This output 
goes to LF412a, whose output biases the LM391 circuit, 
a gain-of-5 power amplifier that drives step-up trans¬ 
former Ti. A portion of Ti's output—fed back to LF412b 
via T 2 and its rectifier/filter network—gets compared at 
LF412b with the amplitude control voltage. LF412b's 
output then biases the 2N4091 FET, which controls 
LF412a s gain, closing the amplitude control loop. 

This circuit achieves a fully isolated output because of 
the galvanic isolation provided by Ti and T 2 . It sources 
low of sine-wave power over a controllable range of 90 
to 140V ac and 50 to 70 Hz. 

Make a laser run with only 35V 

A laser is a good example of a component that forms 
part of a larger system and has special voltage 
requirements. The He-Ne laser shown in Fig 10, for 
example, requires 1300V operating and an 8000V start 
pulse. You can meet both of these requirements by 
up-converting the System's 35V supply. 

The LM3524 pulse-width-modulator IC, in conjunc¬ 
tion with Qi and Q 2 , drives Ti to provide a stepped-up 
voltage. Ti's rectified and filtered output, via feedback 


to the LM3524, is a regulated 1300V. Ct and Rt set the 
20-kHz switching frequency; the 50-kH/0.33-|xF pair 
controls the loop's gain-rolloff characteristics. You trim 
the 1300V output (applied to the laseFs anode) with the 
50-kH Output Set potentiometer. 

When you first apply power to the circuit, the 1300V 
is insufficient to start the laser; hence, very little 
current is drawn from the 1300V supply. The low 
supply current results in a small average current 
through Qi and Q 2 , in turn resulting in a small voltage 
drop across the 500 emitter resistor. This voltage is 
below the threshold at LM393 a s plus input, so the 
amplifier's open collector unclamps. 

When the 0.22-|xF capacitor at T 2 charges, the 
voltage at LM393b's plus input exceeds 5V, and its 
output goes HIGH, allowing gate current to flow into 
the SCR. The SCR then fires, dumping the 0.22-|jlF 
capacitor's energy through T 2 , a flyback photoflash 
unit. This action causes an 8-kV spike to appear at the 
laser's start ring, normally causing gas breakdown and 
starting the laser. Diode steering prevents the spike 
from affecting the normal 1300V output. 

When the laser starts, the Q 1 -Q 2 emitter current 
increases enough so that LM393a is forced LOW, 
cutting off drive to the SCR and disabling the start 
circuitry. But if the laser does not start, LM393a 



Fig 12—Accelerate electrons in a CRT with this ±15V to lO-kV flyback-type converter; its servo loop ensures output stability. 
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Meet lasers’ special 
needs with a PWM 1C 


remains undamped. When the 0.22-(jlF capacitor charg¬ 
es fully, LM393b's plus input exceeds 5V, and the SCR 
again drives T 2 , producing the 8-kV start pulse. This 
action continues until the laser runs. 

Don’t write off vacuum tubes 

Fig lO’s laser supply achieves its 1300V output 
through servo control around a transformer. A poten¬ 
tial problem with this type of converter is that its 
transient response is limited by the modulation fre¬ 
quency applied to the transformer. The best way to 
avoid the problem is to regulate with a series-pass 



TRACE 

VERTICAL 

HORIZONTAL 

A 

50V/DIV 

20 ^SEC/DIV 

B 

4A/DIV 

20 ^SEC/DIV 

C 

50V/DIV 

20 fiSECIDW 


Fig 13—Magnetic-field coliapse in Fig 12’s fi primary 
produces the high O 2 collector-voltage pulses in trace C. 


element on the transformer’s high-voltage side. But 
this action usually implies the use of expensive 
high-voltage transistors and a substantial amount of 
protective circuitry. Fig 11 shows a converter that 
deals with these problems. It’s inexpensive, provides 
the fast transient response of a series regulator and 
requires no output protection. Moreover, it withstands 
short circuits and output-current or -voltage reversals 
arising from reactive loads. 

The self-exciting dc/dc converter composed of Ti, Qi, 
Q 2 and their associated components generates the 
unregulated high voltage from a 28V supply. This 
converter’s rectified and filtered output is applied to 
the plates of the two 1625 vacuum tubes, which are 
configured in a common-cathode-driven cathode- 
EDN NOVEMBER 10, 1982 



follower arrangement, with NE-2 neon-lamp screen-to- 
cathode clamps. Feedback from V 2 to the LF441 
provides overall loop stabilization. The 390-pF/3.3-kll 
pair provides local rolloff at the LF441; overall 
compensation comes from the lO-pF/l-Mll network. 
The 1N914 prevents capacitively coupled transients 
from appearing at the LF441’s input. 

Set the output voltage with the 5-kfl potentiometer 
at the LM329 reference. The power-handling capability 
of Ti limits the circuit’s output to lOW at lOOOV —a 
chore that V 2 can perform effortlessly. If you anticipate 
extended (greater than 5 min) short circuits at the 
output, consider fusing V 2 ’s plate circuit. 

Multiply ±15V for voltage-hungry CRTs 

In data-terminal designs, you must often convert the 
supply rails to the high voltage needed for CRT 
electron-beam acceleration. You can use a flyback 
approach for this task, but for more demanding 
applications (such as oscilloscopes), you might have to 
use a sine-wave conversion technique. So consider 
examples of conversion circuits that use each method. 

In Fig 12’s flyback circuit, LF442a functions as an 
oscillator whose output (Fig 13, trace A) drives the 
Q 1 -Q 2 Darlington pair. When the output is HIGH, Qi 
and Q 2 conduct and the current through Ti’s primary 
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Use vacuum tubes for a 
low-cost high-voltage supply 



TRACE 

VERTICAL 

HORIZONTAL 

A 

100V/D1V 

50 /iSEC/DIV 

B 

5A/DIV 

50mSEC/DIV 

C 

100 mV/DIV 
(AC COUPLED) 

50 /iSEC/DIV 


Fig 15—The linear nature of Fig 14's converter is evident in 
this scope photo. 


builds up (Fig 13, trace B). When LF442a goes LOW, 
however, the field in T/s primary collapses and a large 
flyback voltage appears at Q 2 's collector (Fig 13, trace 


C). This field collapse also appears at T/s secondary 
and produces a very-high-voltage output, which is 
rectified and filtered and fed back to LF442b via a 
divider. LF442b's output then servo-controls Qs, which 
determines the amount of drive available to Ti. The 
0.05-fxF capacitor provides stable loop compensation; 
the LM385 and the S-kO pot set the output voltage. 

Although effective, this circuit produces unavoidable 
radiated noise and supply spiking—which some sensi¬ 
tive data terminals and oscilloscopes canT tolerate. Fig 
IFs sine-wave-based high-voltage converter eliminates 
these problems. 

When you apply power to this circuit, the LM385 
reference pulls the LF441's minus input LOW, causing 
the LF44Fs output to rise. This action in turn causes 
Qfs collector voltage to drop (Fig 15, trace A) and its 
collector current to rise (Fig 15, trace B). Concurrent¬ 
ly, the 0.1-fxF capacitor in Ti^s feedback winding 
charges to a negative voltage. WTien the current in Ti 
stops building, Tfs feedback winding pulls Q/s base 
negative (Fig 15, trace C), cutting off Qi and causing its 
collector voltage to rise. 

WTien the voltage on the 0.1-fxF capacitor becomes 
positive, Qi starts to conduct, its collector voltage drops 
and the cycle repeats. The 0.22- and 4.7-fjiF capacitors 
provide stabilization, and the high-voltage output is 
current-summed with the LM385's negative reference 
current at the LF441 servo amplifier. 

The LF44rs output servo-controls the drive to Qi, 



Fig 16—Memories are made of this —a converter that supplies the 21V pulses for EEPROM programming. It 
achieves controlled rise time; you determine the pulse’s width with a TTL command. 
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Generate EPROM-programming 
pulses from the 5V rail 


closing the feedback loop around the transformer. 
Because the transformer isn’t used in the flyback mode, 
the voltage step-up ratio is smaller than in Fig 12’s 
design, so you need higher initial input voltages. 
Alternatively, you could use a voltage-doubler network 
at the transformer output. 

An easy way to power memory programming 

What about the voltage required by programmable 
memories? Widely used EEPROM types such as the 
2816 require controlled-rise-time 21V pulses for pro¬ 
gramming. Fig 16 shows a converter that generates the 
necessary high-voltage pulses from the 5V rail, 

Ti, in conjunction with Qi and Q 2 , forms a self-driven 
5 to 30V dc/dc converter. Q 3 and Q 4 serve as a strobe for 
this converter, allowing it to draw power and run only 
when a TTL signal is present at the circuit’s input. 
When you apply a signal to the input (Fig 17, trace A), 
the Q 3 -Q 4 pair conducts, biasing Qi and Q 2 so the 
converter runs (Q 2 's collector waveform appears in Fig 
17, trace B). The converter’s output (Fig 17, trace C) is 
very lightly filtered by the 0.1-|xF capacitor, allowing it 
to rise quickly. This output charges the 0.05-|JiF/150-kn 
combination. 

The gain-of-3 LM392b amplifies the 0.05-|jlF capacitor 
voltage; Q 5 serves as an output-current booster. As the 
0.05-(jlF capacitor charges, Qs’s emitter voltage rises. 


A 

B 


C 


D 




TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

2mSEC/DIV 

B 

10V/DIV 

2 mSEC/DIV 

C 

20V/DIV 

2 mSEC/DIV 

D 

10V/DIV 

2 mSEC/DIV 


Fig 17—^The programming pulse of Fig 16’s circuit appears 
in trace D. Note the cleanly rising leading edge. 



providing the leading edge of the programming pulse 
(Fig 17, trace D). WTien the capacitor voltage reaches 
7V, the LM129 clamps, charging ceases and the output 
remains at 21V. 

When you switch the TTL input pulse LOW, the 
LM392 a's open-collector output clamps LOW, discharg¬ 
ing the 0.05-p,F capacitor and readying the circuit for 
the next pulse. You can satisfy any EE PROM’s 
programming requirement by varying the gain of 
LM392 b, the time constant at its input or the zener 
clamp across the 0.05-|xF capacitor. EDN 
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Try a different 
configuration 

Dear Editor: 

As much as I appreciated Jim 
Williams’s article on current- 
source circuits (EDN, Septem¬ 
ber 1, pg 169), I feel that some 
errors and omissions need 
rectifying. Jim failed to alert 
users of the circuits detailed in 
Figs 3 and 4 to the errors 
arising from changes in transis- 

Continued on pg 40 
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tor hpE with temperature; it’s 
much better to use an FET for 
Qi in Fig 3 and Q 2 and Q.^ in Fig 
4. In addition, the circuit in Fig 
5 exhibits a large time-constant 
increase in charging current 
when Q 3 is turned off, because of 
thermal effects in Qz. 

My main criticism, however, 
pertains to Fig 9. Apart from 
the obvious pinout errors and 
misconnections to the LM3524, 
VMOS transistors and LM363, 
what astounds me is the use of a 
precision high-CMRR instru¬ 
mentation amplifier (such as the 
LM363) with such an appalling 
input circuit. At least Jim might 
have consulted National Semi¬ 
conductor’s Linear Applications 
Handbook AN29-lJt. and remind¬ 
ed readers of the need to match 
the 60-kn and 1-Mll resistors. 
This circuit’s output resistance 
could be as low as 270011— 
hardly a 200 V-compliance cur¬ 
rent source! 

An improved current¬ 
monitoring configuration would 
include the lOOH sampling 
resistor in the negative output 
from the bridge rectifier and 
smoothing capacitor. It would 
eliminate any common-mode 
effects arising from load-resis¬ 
tance changes. Provided the 
input signal could be changed to 
0 to ~5V, the feedback from the 
lOOH resistor could be directly 
connected to the LF41L 
Yours truly, 

Peter M Clare 

Principal Electronic Engineer 
Bell & Howell Ltd 
Basingstoke, Hampshire, UK 


Author’s reply 

It’s true that hpE vs tempera¬ 
ture will affect operation, but in 
many (most) applications, the 
relatively small lUh effect is 
not objectionable—to attain the 
most precise operation, an FET 


or FET/transistor combination 
is a better refinement of the 
basic circuits. 

Quite frankly, Mr Clare’s 
current-sensing scheme, which 
uses the fully floating trans¬ 
former secondary, is a vastly 
superior method—even if the 
163’s input resistors are ratio 
matched (which I neglected to 
mention). I’m a little embar- 
rased that I didn’t see it myself, 
and I unhesitatingly recommend 
it over my original approach. 
LM163s are cheap—but not that 
cheap. 

Sincerely, 

Jim Williams 
Palo Alto, CA 
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Use comparator ICs 
in new ond useful woys 


You can use the unique differential-input/digital-output 
characteristics of comparators to implement 
a wide range of circuit functions. 


Jim Williams, National Semiconductor Corp 

Perhaps the most underrated and underutilized of 
monolithic ICs, comparators are among the most 
flexible and universally applicable components in your 
design arsenal. With their differential linear inputs and 
very-fast-switching digital outputs, these devices can 
help you implement unusual circuit functions at favor¬ 


able cost and low component count compared with other 
approaches. Examples ranging from a shaft-angle 
encoder to a V/F converter show how you can exploit 
comparators' unique abilities. 

Variable capacitor makes shaft-angle encoder 

If, for example, you need to convert a shaft angle to a 
digital bit stream, you can employ Fig I's comparator- 



A 


B 


C 


D 



TRACE 

1 VERTICAL 1 

I HORIZONTAL 

A 

5V/DIV 

200 ,iSEC/DI\r 

B 

10V/DIV 

200 /iSEC/DIV 

C 

5V/DIV 

200 /iSEC/DIV 

D 

5V/DIV ! 

200 mSEC/DIV 


Fig 1—Employing a variable capacitor and a comparator, 

a single-supply circuit yields a pulse burst-triggered by a 
Convert-line HIGH-to-LOW transition—whose duration is a 
±0.1% linear function of the capacitor's shaft angle. 


Fig 2~When the linear charging ramp (trace B) of Fig 1’s 

variable capacitor reaches 10V, it signals a comparator to 
shut off the trace D output pulse burst. 
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Obtain shaft-angle readings 
with a comparator-based circuit 


based circuit. It uses a standard AM-radio dual 365-pF 
variable air capacitor to generate a controlling- 
processor-triggered constant-frequency pulse burst. 
The burst^s duration—or the number of pulses it 
contains—indicates shaft position to within a ± 0 . 1 % 
typ accuracy. Moreover, the capacitor has essentially 
infinite life—unlike potentiometers, which can wear 
quickly and require frequent replacement in high-usage 
applications such as video arcade games. 

In operation, transistor Qi and associated compo¬ 
nents form a ground-referred current source that 
linearly charges the variable capacitor. When the 
controlling processor needs a shaft-angle conversion, it 
drives the Convert line HIGH (Fig 2, trace A), turning 
Q 2 on and discharging the capacitor. Concurrently, Q 3 
turns on, forcing the circuit output to zero. 

To continue the conversion, the processor pulls the 
Convert line LOW, and the constant-current-source- 
driven capacitor voltage begins to ramp linearly toward 
the 15V supply (Fig 2, trace B). This Convert-line 
HIGH-to-LOW transition simultaneously unclamps the 
LFSlTs output, thus triggering a pulse burst by 
causing the processor's clock (Fig 2, trace C) to appear 
as a serial bit stream at the output (Fig 2, trace D). 

The circuit continues to transmit this bit stream until 
the capacitor's voltage crosses the level established by 
the 5-kfl/lO-kn resistor divider; at that point the 
comparator output clamps, inhibiting pulses. Note that 
each Convert-line HIGH-to-LOW transition initiates an 
updated bit-stream output. 

The circuit is insensitive to supply shifts because the 


resistor-divider trip point and the current-source 
reference are ratiometrically related. The FET-input 
comparator does not appreciably load other circuit 
components, so linearity is excellent. With a standard 
variable air capacitor (General Radio Type 722) substi- 



TRACE 

VERTICAL 

HORIZONTAL 

A 

‘0.5V/DIV 

1 mSEC/DIV 

B 

0.1V/DIV 

1 mSEC/DIV 

C 

5V/DIV 

1 mSEC/DIV 

D 

10V/DIV 

1 mSEC/DlV 


Fig A —The number of pulses between bit-stream gaps in 
the Fig 3 circuit’s output (trace D) is a linear function of 
temperature. 


100k 



Fig 3—Furnishing an output pulse count proportional to temperature, this LM135-sensor-based circuit requires no external 
clock. A gap in the output bit stream indicates the end of conversion. 
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tuted for the dual 365-pF unit, linearity is well within 
±0.1%. Use the l-MIl potentiometer to set the desired 
scale factor. 

Convert temperatures to bit streams 

Fig 3 shows another serial-output converter, one 
that requires only a 5V supply. Generating this circuit's 
output, which indicates the temperature at the LM135 
sensor, doesn't require an external command—instead, 
the circuit clocks itself continuously and inserts gaps in 
the output stream to indicate the end of one conversion 
and the beginning of a new one. 

Qi and Q 2 form a temperature-compensated current 


source whose output is referenced to the LM385. Q 2 's 
collector current linearly charges the 0.47-|jiF capacitor 
(Fig 4, trace A) until the ramp voltage exceeds the 
LM135's voltage. Then, LM339a s output goes HIGH, 
dumping charge into the 1000-pF capacitor and forcing 
LM339b’s positive input (Fig 4, trace B) and output 
(Fig 4, trace C) HIGH. This action turns on Q 3 , 
resetting the ramp capacitor. 

The 1000-pF capacitor can discharge only through 
the 3-MH resistor paralleling the diode at LM339a s pin 
2 . Therefore, the waveform at LM339b’s positive input 
decays slowly, and the ramp capacitor stays off for an 
extended period of time. When the 1000-pF capacitor's 


Rt 



Fig 5—Using breakpoint corrections at four temperatures and requiring no trimming, this circuit compensates for a piatinum HTD 
sensor’s nonlinearity. 
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Temperature-sensing scheme 
uses a 4-comparator 1C 


voltage finally decays below the 2 -diode-drop value at 
LM339 b^s negative input, Q 3 turns off, ramping begins 
and the cycle repeats. 

The oscillation frequency varies inversely with the 
LM135^s output voltage. The ramping time, however, is 
directly—and linearly—proportional to the LM135’s 
output. While the ramp is running, LM339b's output is 
LOW, and LM339c, which functions as a 10-kHz clock, 
biases LM339d, providing the circuit’s output. Wken 
LM339a s output goes HIGH, the lOO-kO resistor path 
from LM339a to LM339d’s positive input in turn forces 
LM339d’s output HIGH (Fig 4, trace D). 

Reinforcing feedback results when LM339b^s output 
goes HIGH and applies bias through the diode path to 
LM339d's positive input. This condition lasts until the 
1000-pF-capacitor voltage decays to a value sufficiently 
low for the cycle to repeat. The 22-kn resistor/diode 
path from LM339b’s output to LM339c’s negative input 
synchronizes the 10-kHz clock to the circuit’s ramp- 
reset sequence, thereby averting a ± 1-count uncertain¬ 
ty in the output data. 

A monitoring processor can use the gap in the 
circuit’s output bit stream to synchronize itself to the 
temperature data. To calibrate the circuit, measure the 
voltage at the LM135 and adjust the 50-kfi potentiome¬ 
ter so that the number of bits in each burst relates 
numerically to this voltage (eg, 2.98V=298 bits). 

Linearize a piatinum RTD with comparators 

If, instead of an LM135 sensor, you’re using platinum 


RTDs (resistance temperature detectors) to take ad¬ 
vantage of their extremely wide operating-temperature 
ranges and their long-term stability under adverse 
environmental conditions, consider the Fig 5 linearizing 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

10nSEC/DIV 

B 

50 mA/DIV 

10nSEC/DIV 

C 

5V/DIV 

10nSEC/DIV 

D 

10V/DIV 

10 nSEC/DIV 


Fig 7—The fast shutdown action of Fig 6's circuit results in 
power cutoff (trace D) within 30 nsec of an overload 
occurrence. Note the beginning of the overload (trace B) at 
about four horizontal divisions from the left of the screen. 



Fig 6—A fast-acting power-shutdown circuit can protect sensitive components. The one shown here employs a comparator 
and a 700 sense resistor to establish a 100-mA trip point. 
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circuit. It overcomes an RTD’s inherent nonlinearity 
(>6° error from 0 to 400°C) by using an LM339 quad 
comparator to apply a 4-section breakpoint correction. 
In contrast to other RTD-linearizing circuits, Fig 5’s 
design needs no calibration. 

Because of the RTD sensor’s positive temperature 
coefficient, op amp LF353a s output rises with increas¬ 
ing temperature. Summing the output with a constant 
current at LF353b^s negative input results in a OV 
LF353b output at O'^C; this output increases as a direct 
but nonlinear function of the RTD’s temperature. 

LF353b’s temperature-dependent output drives the 
positive inputs of the LM339 comparators and provides 
the input to the output gain stage, LF351c. The 
threshold voltages at the LM339 negative inputs cause 
the respective comparators to switch at the LM353b 
voltages corresponding to 100, 200, 300 and 350°C. 

When a comparator output switches HIGH, it 
switches in gain- and offset-changing resistors via the 
LF13331 JFET switches. The four slight gain adjust¬ 
ments compensate for the RTD’s nonlinearity, and the 
introduced offsets ensure a monotonic increase in 
output as temperature rises. The 0.05-fiF capacitors at 
the LM339 outputs prevent chattering at the trip 
points; the 1-fxF capacitor in the LF351’s feedback loop 
eliminates transient switching signals from the output. 

If you use the Fig 5 circuit values and RTD sensor, 
you can obtain ±0.15^C accuracy over 0 to 400^C with 
no trimming of any kind. 

Do you have need to protect expensive components in 


5V 



Fig 8—A circuit based on two comparators and an AND 

gate can generate 6-nsec-wide pulses with 2~nsec rise and 
fall times. The Vin level determines pulse width. 


a system—perhaps, for example, during the final 
phases of trimming and calibration? If so, consider the 
Fig 6 circuit—it shuts down power within 30 nsec of an 
overload occurrence (in this case, for load currents 
greater than 100 mA). 

When the current is less than or equal to 100 mA, the 
LM36Ts output is LOW, Qi is OFF and emitter follower 



TRACE 1 

1 VERTICAL 

HORIZONTAL 

A 

2V/DIV 

200 nSEC/DIV 

B 

2V/DIV 

200 nSEC/DIV 

C 

2V/DIV 

200 nSEC/DIV 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

10 nSEC/DIV 

B 

5V/DIV 

10 nSEC/DIV 

C 

5V/DIV 

10 nSEC/DIV 


Fig 9—The ANDing action of Fig 8’s 74S08 gate yields a 
narrow pulse ((a), trace C) because of time displacement 
between comparator outputs (traces A and B). The traces in 
(b) show the signals at these same circuit nodes for a 
100-mV ViN. 
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Comparator high-speed switching 
eases pulse-generation tasks 


Q 2 sources power to the load and the 10X1 sense resistor. 
When an overload occurs (in this case via the test 
circuit, whose output appears in Fig 7, trace A), the 
current through the 10X1 sense resistor begins to 
increase. (Note the slight load-current rise in Fig 7, 
trace B.) 

This rise in current produces a corresponding voltage 
increase at the LM361's positive input. The compara¬ 
tor's output then rises (Fig 7, trace C) and drives Qi 
through a heavy feedforward network. Although this 
network degrades the LM36Fs output rise time 
somewhat, Qi responds very quickly and clamps Q 2 's 
base to ground, causing load voltage (Fig 7, trace D) to 
immediately decay to zero. 

As noted, the total elapsed time from overload onset 
to circuit shutdown is 30 nsec. Once the shutdown has 
occurred, the resistor-diode network from the LM36rs 
pin 11 to pin 3 provides latching feedback to keep power 



Fig 10—A comparator-based 400-Hz switching amplifier 

is inexpensive, requires few components and can provide a 
6A output. 


off the load. The reset pushbutton causes a negative 
spike to appear at the LM361^s positive input, breaking 
the latching feedback and allowing the loop to function 
normally again. Use the 500X1 potentiometer to set the 
trip point at the desired value (for the Fig 6 circuit, 
1V=100 mA). 

Comparators make 2-nsec pulse generator 

Similarly benefiting from the LM36Fs high-speed 
performance, the Fig 8 ultra-high-speed pulse genera¬ 
tor furnishes voltage-controllable pulse widths. Its 


differentiator networks generate a pair of pulses with 
slightly different durations; the comparators and a 
Schottky TTL gate extract the difference between two 
widths and present it as a single fast-rise -time pulse at 
the circuit output. 

When you apply a positive input pulse, the two 
lOO-pF/2-kXl differentiator networks yield positive 
outputs. When the positive-going steps exceed the 2V 
threshold established by the LM103, both LM361s 
switch output states. For a OV control input, the 
differentiator networks and the LM361s respond simul¬ 
taneously, and both output transitions line up. 

As you increase the control voltage, however, the 
spike produced by IC 2 's differentiator arrives at the 2V 
threshold earlier than does that of ICi. IC 2 also 
normally takes longer to decay through the 2V 
threshold, appearing to lead to a situation in which IC 2 ^s 
output would remain HIGH longer and switch earlier 
than would ICfs. 

IC 2 ’s 30-pF/l-kXl network, however, provides a delay 
that shifts the IC 2 output so that IC/s leading and 
trailing edges occur first (Fig 9a, traces A and B). The 
length of time between the comparator outputs^ edges 
depends on the input control voltage. 

For the Fig 8 circuit, a 0 to IV control range produces 
a trailing-edge timing difference of 0 to 100 nsec. The 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

■ 200 /iSEC/DIV 

B 

20V/DIV 

200 /.SEC/DIV 

C 

100 mV/DIV 

200 /xSEC/DIV 

D 

20V/DIV 

200 /xSEC/DI V 


Fig 11—^The power envelope of the Fig 10 switching 
amplifier’s output (trace D) is sinusoidal when the circuit is 
driven by a sine-wave input (trace A). Note the high- 
frequency charging and discharging of the circuit’s 0.01 -\j.F 
capacitor (trace C). 
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Comparator circuit handles 
frequency-division chores 


DM74S08 ANDs the two comparators' outputs to obtain 
the single-pulse circuit output (Fig 9a, trace C). 

The gate and comparator switching speeds limit the 
minimum pulse width to 6 nsec; rise and fall times are 
approximately 2 nsec. Fig 9b shows aii example of the 
high-speed operation that the Fig 8 circuit can achieve 
(control input=100 mV). Traces A and B represent ICi 
and IC 2 outputs, respectively; trace C is the circuit's 
output pulse. 

If you need a simple, inexpensive 400-Hz amplifier, 
consider the Fig 10 circuit. It uses ±15V supplies. 



provides full bipolar swing and has a 1.5-kHz full-power 
bandwidth with a 6A pk output capability. 

If the input voltage is negative, IC 2 's output is LOW 
(note that IC 2 operates in an emitter-follower mode, so 
its output is in phase with its negative input), cutting Q 2 
off. Concurrently, ICi's output goes LOW, turning Qi 
on and thereby driving the load and the lOO-kO 
resistors connected to the comparators' positive inputs. 
This feedback produces a small voltage at ICi's negative 
input. 

When the 0.01-|jlF capacitor charges to a level high 


enough to offset the negative input, ICfs output 
changes state, turning Qi off. At this point, the input 
draws current from the capacitor, forcing ICi's positive 
input to a lower state and consequently driving ICi's 
output LOW again, turning Qi on. 

The switching action occurs continuously; repetition 
rate depends on the input voltage. For positive inputs, 
IC 2 and Q 2 perform similar action. To avoid cross¬ 
current conduction in the output transistors, tie the 
comparators' offset-adjust terminals to the 15V supply. 

Fig 11 trace B shows the circuit output resulting 
from the trace A input; the trace C waveform 
represents current flow in and out of the capacitor. 
(Think of the IC 2 pin 3 point as a digitally driven 
summing junction.) Trace D is a lightly filtered version 
of trace B; it clearly shows that the circuit output has a 
sinusoidal power envelope. You can vary the amplifier 
gain with the lO-kO input potentiometer. 

Divide frequencies over a 1:1,000,000 range 

Using the Fig 12 circuit, you can divide a frequency 
over a 1:10® range, adjustable via a single potentiome¬ 
ter. Moreover, the output frequency you obtain is 
synchronously related to the input frequency. You can 
use this circuit to obtain simultaneous oscilloscope 
observations of low-frequency signals and the fast clock 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

100 ptSEC/DIV 

B 

5V/DIV 

100 /^SEC/DIV 

C 

50V/DIV 

100 /iSEC/DIV 

D 

20V/DIV 

100 /iSEC/DIV 

E 

10V/DIV 

10/^SEC/DIV 

F 

0.2V/DIV 

lO^SEC/DIV 


Fig 13—Using a step-charging technique that results in the 
trace B capacitor voltage, Fig 12’s circuit yields an output 
frequency proportional to and synchronized with an input 
signal’s frequency (trace A). In the example shown here, the 
output (trace C) contains a pulse after 32 input pulses. 
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Manipulate pulses with 
comparator-based circuits 


from which they're derived or to synchronously trigger 
an AyD converter at a variable rate. 

The circuit functions by step-charging a capacitor 
with a switched current source and using a comparator 
to determine when to reset the capacitor. Fig 13, trace 
B, shows the step-charging waveform; each time the 
pulse input (Fig 13, trace A) goes LOW, a current- 
source pulse causes a capacitor-voltage positive step. 
You can control the step height—and therefore the 
division ratio—with the 50-kfl potentiometer. 

When the staircase waveform reaches the voltage at 
the LF311's positive input, the comparator output goes 
LOW (Fig 13, trace C) and stays LOW until the positive 
feedback through the 680-pF capacitor ceases. The 
delay produced by this feedback ensures a complete 
reset for the 0.01-|jlF capacitor, which discharges 
through the steering diode into the comparator output. 

The diode connected from LF311 pin 3 to -15V 
provides first-order compensation for the steering 
diode's leakage effects during the charge cycle. Fig 13, 
trace D, shows the waveform at the LF311's positive 
input. Traces E and F show in an expanded time scale 
the relationship between the input waveforms and the 
step-charged ramp. 

When using this circuit, remember that although the 
output frequency is always synchronously related to 
the input frequency, its absolute value can vary with 
time and temperature. Typically, the trip point— 
hence, the output frequency—moves back and forth 
along the horizontal portion of a step at low division 
ratios and changes from step to step at high ratios. 

Overcome TTL multivibrators’ shortcomings 

If you've used TTL monostables, you've undoubtedly 
noticed their poor input triggering characteristics and 
limited dynamic range with a given timing capacitor. 
The Fig 14 circuit surmounts these limitations to 


provide a true level-triggered input and a single- 
resistor-programmable 10,000:1 output-pulse range. It 
delivers a preprogrammed output pulse width regard¬ 
less of the input pulse duration. (The minimum input 
trigger-pulse width is, however, 3 ixsec.) 

When you apply an input pulse (Fig 15, trace A) to 
the circuit, LM393a s output goes LOW (Fig 15, trace 
B), producing reinforcing feedback for its own positive 
input (Fig 15, trace C). This causes LM393b^s output to 
go HIGH, providing additional feedback to LM393^'s 
positive input via the 1-MH resistor. 

When the 50-pF capacitor ceases to provide feedback 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DiV 

200 /xSEC/DIV 

B 

5V/DIV 

200 /xSEC/DIV 

C 

1V/DIV 

200 /xSEC/DIV 

D 

5V/DIV 

200 /xSEC/DlV 


Fig 15—The output pulse width (trace D) of Fig 14's 

monostable circuit is insensitive to the input width (trace A). 



OUTPUT 

100 mSec to 

100 mSEC 


Fig 14—Better than a multivibrator, this monostable circuit provides a true level-triggered input and a 10,000:1 output pulse range. 
You program the output pulse width with one resistor. 
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Make a better monostable 
with a 2-comparator 1C 


to LM393a's positive input, this comparator's output 
goes HIGH, allowing the 0.01-|jlF timing capacitor to 
charge (Fig 15, trace B). When the capacitor voltage 
exceeds LM393b's positive input voltage, LM393b's 
output (Fig 15, trace D) goes LOW, terminating the 
output pulse. 

With the 0.01-|xF timing capacitor, you can obtain 
output pulse widths of 10 |xsec to 100 msec, with a scale 
factor (trimmable with the lO-kO potentiometer) of 
100fl/|jLsec. 

Get variable width and delay with one 1C 

If you need a known-width pulse that's delayed with 
respect to another pulse, consider the Fig 16 circuit. It 
works from one 5V supply and requires only one 
dual-comparator IC. 

WTien you apply a TTL input (Fig 17, trace A), 
LM319a's output stays LOW until the 1500-pF capaci¬ 
tor at its positive input charges beyond the negative 
input's 1.2V level. The resistor-diode clamp from the 
circuit input to LM319a^s pin 5 provides immunity to 
input-amplitude variations. 


5V 



Fig 16—Form a pulse having the parameters you need from 
this simple 1-lC circuit. The 1500-pF/200~kTl network deter¬ 
mines delay relative to a triggering pulse; the 1000-pF/22-kfl 
differentiator sets the width. 


WTien LM319 a's output goes HIGH (Fig 17, trace B), 
the transition is coupled via the lOOO-pF/22-kO differ¬ 
entiator to LM319 b's positive input (Fig 17, trace C), 
causing LM319 b's output to rise and stay HIGH (Fig 
17, trace D) until the differentiator output drops below 
the 1.2V level at LM319 b's negative input. 

You can tailor both the delay time and the output 


pulse width to your requirements by altering the values 
of the RC networks. Alternatively, you can control 
these parameters externally by applying variable 
voltages to the comparators' negative inputs. 

Make an ultrafast V/F converter 

Using two comparator ICs, you can build a V/F 
converter that yields a 5-kHz to 10-MHz output, with 
better than ±1% linearity, from a 0 to 5V input. The 
LMlGO's 20-nsec propagation delay allows Fig 18's 
circuit to run much faster than monolithic VFCs. 

The LMlGO's output switches the 50-pF capacitor 
between a reference voltage (furnished by the LM385) 
and the comparator's negative input. The comparator's 
output pulse width is unimportant so long as it permits 
complete charging and discharging of the capacitor. 
The LM160 also drives the 5-pF/510H network, provid¬ 
ing regenerative feedback to reinforce its output 
transitions. 

WTien this positive feedback decays, any negative¬ 
going LM160 output is followed by a positive-going 
edge after an interval determined by the 5~pF/510H 
time constant (Fig 19, traces A and B). 

The actual integration capacitor — ^the 0.01-|jlF unit— 
never charges beyond 100 mV because it's constantly 
reset by charge dispensed from the switched 50-pF 
capacitor (Fig 19, trace C). WTien the LMlGO's output 
goes negative, the 50-pF capacitor takes charge from 
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Two comparator ICs 
yield a fast, linear VFC 



Fig 18—Producing 5-kHz to lO-MHz output, this V/F- 
converter circuit uses two comparator ICs and features ± 1% 
linearity. The LM160 is the heart of the converter; the LM311 
prevents lockup. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 /xSEC/DIV 

B 

0.5V/DIV 

100 /iSEC/DIV 

C 

10 mA/DIV 

100 /iSEC/DIV 

D 

5V/DIV 

100 /iSEC/DIV 


Fig 19—A clean 10-MHz output (trace D) results from an 
LM160’s action in Fig 18’s V/F converter. Trace C shows the 
charge-dispensing current from Fig 18’s 50-pF capacitor. 


the 0.01-jULF capacitor, resulting in a lower voltage. 

The LMlGO's negative-going output also produces a 
short negative pulse—via the 5-pF/510n feedback—at 
its positive input. When this negative pulse decays to a 
point where the positive input is just higher than the 
negative input, the 50-pF capacitor again receives a 
charge, and the entire cycle repeats. Diodes Di and D 2 
compensate for diodes D 3 and D 4 , minimizing tempera¬ 
ture drift. 

The LMlGO's inverted output (Fig 19, trace D) serves 
as circuit output and also drives the LM311 comparator 
circuit to prevent LM160 lockup. Without it, any 
condition (such as startup and input overdrive) that 
allows the 0.01-|jlF capacitor to charge beyond its 
normal operating point could cause the LMlGO's output 
to go to the — 5V rail and stay there. 

The LM311 prevents lockup by pulling the LMlGO's 
negative input toward ~5V. The lO-iJiF/lO-kfi network 
determines when the LM311 switches on. When the 
VFC runs normally, the 10-|jlF capacitor charges to a 
negligibly small voltage, holding the LM311 off. The 
LMlGO's inverted output stays HIGH if the VFC stops 
running (if lockup occurs), forcing the LM311 to turn on 
and restarting the circuit. 

To calibrate the circuit, apply a 5V input and adjust 
the 20 -kfi potentiometer for a 10-MHz output. Then 
apply 2.5 mV and adjust the 50-kn potentiometer for a 
5-kHz output. When building this circuit, use a ground 
plane and good grounding techniques and locate the 
components associated with the LM160 inputs as close 
as possible to the inputs. BOH 
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New Application Technology 


Use motof-dfive 1C 
to solve tricky design probiems 


An 1C driver’s logic-control features and high output capability 
suggest elegant ways to handle a variety 
of difficuit-to-drive loads. 


Jim Williams, Consultant, 

and Stan Dendinger, Silicon General Corp 


You can use the SG3635 driver IC in a wide range of 
applications, ranging from a switched-mode motor- 
speed controller to a data-communications line driver. 
The device^s input configuration simplifies interfacing 
between low-level circuitry (eg, a |jlP or logic blocks) 
and the high-power load. And its output stage (see box, 
**Anatomy of a driver capable of driving 40V, 2A 
loads with peaks as high as 5A (including reactive 
loads), provides sinking and sourcing capability as well 
as commutation diodes. 



Fig 1—Used in a closed-loop configuration, the SG3635 
self-clocking driver IC controls motor speed in proportion to 
0 to 10V input The comparator weighs the tachometer’s 
output against the input setting, then commands the SG3635 
to either speed up or slow down the motor. 



TRACE 

VERTICAL 1 

1 HORIZONTAL 

A 

5V/DIV 

5 mSEC/DIV 

B 

0.5V/DIV 1 

1 5mSEC/DIV 


Fig 2—Switching on in discrete increments (trace A), Fig 

1 ’s driver IC forces current (trace B) into the motor to speed it 
up. Upon reaching equilibrium, the circuit oscillates around 
the setpoint. 


Fig 1 shows one application of the device in a 
self-clocking switched-mode speed-control loop. The 
mechanically coupled tachometer detects the motor’s 
speed; its output, scaled and filtered by the RC 
network, drives the 311 comparator, which compares 
the output with the speed-setting input and biases the 
SG3635 to complete the loop. 

When the motor slows down, the SG3635’s output 
switches on (Fig 2, trace A), forcing current into the 
motor (trace B) until the comparafor’s inputs balance. 
Under these conditions, the circuit oscillates in a 
controlled manner around the setpoint. The lO-kfl, 
0.1-|jlF pair provides positive ac feedback to ensure 
clean transitions. 
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Control motor speed 
with minimum parts count 


The 3.3-kn resistor from the comparator’s offset pin 
to the 15V supply provides enough offset to prevent 
motor turn-on with a OV speed setting. In this 
application the driver only sources current: The sink 
transistor is never enabled. You could turn the sink 
device on to dynamically brake the motor, but the 
motor’s back EMF would cause considerable power 
dissipation. The back EMF appears after the initial 
inductive spike (clamped by the internal commutation 
diode), which appears when the IC’s output switches 
LOW. 

What about motor-reversing capability? Fig 3’s 
single-supply circuit uses two SG3635s in a bridge 
configuration. The flip flop generates the necessary 
complementary instructions to the ICs’ Enable inputs. 
In this example, the SG3635s’ Pulse inputs are 
grounded; you could instead pulse-width-modulate 



Anatomy of a driver 1C 

The nearby figure (a) shows the 
SG3635 driver IC’s internal organ¬ 
ization. The main consideration 
in the IC’s design is to make 
logic-level/power-load interfacing 
as straightforward as possible. 
The logic-compatible Enable and 
Pulse inputs operate according to 
the truth table shown: Accepting 
drive from 74C Series circuits 
operating at 10V or more, they’re 
compatible with all TTL for'ms 
except 54L. You can allow the 
inputs to float to the HIGH state, 
but you must force them to 
ground to produce a ZERO. 

Negative supply voltages are 
permissible at the ground pin, but 
you must restrict the chip’s total 
rail-to-rail voltage to 40V. The 
internal regulator stabilizes the 1C 
against supply variations; the lev- 
el-shift and interlock features pro¬ 
vide proper drive levels and pre¬ 
vent simultaneous output-device 
conduction. The output sinks or 
sources 2A continuously (5A pk) 
with ±40V output swing; the com¬ 
mutating diodes handle 5A pk. 
Finally, the thermal-shutdown cir¬ 
cuit disables the upper output 
device if chip temperature ex¬ 
ceeds 160°C. 


Why the interlock circuitry? It’s 
important to prevent simultaneous 
conduction of a source/sink pair’s 
devices (b). This condition usually 


Providing logic-to-power-drive transla¬ 
tion, the SG3635 (a) contains both low- 
and high-level circuitry. The interlock cir¬ 
cuit—an important feature—allows only 
one power device to conduct at a time, 
thus avoiding transitional power-supply 
short circuits (b). An 1C without the 
interlock can produce large current pulses 
(c) during switching. A test circuit (d) 
verifies the IC’s interlock circuitry; (e) 
shows no common current flows in the 
output devices during switching. 


arises during switching, when the 
respective devices are inter¬ 
changing OFF and ON states. 
During this interval, substantial 


(b) 



(a) 



0 1 HIGH 

1 0 LOW 

0 0 HIGH 
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TRAPF 

i/FRTICAL 

Horizontal 

A 

2A/DIV 

50 mSEC/DIV 

B 

20V/DIV 

50 mSEC/DIV 

C 

20V/DIV 

50 mSEC/DIV 


them to control motor speed. 

Fig 3’s circuit is a good test of the IC’s peak current 
capabilities, because motors present a very difficult 
load during instantaneous reversal. Fig 4, trace A 
shows the motor current; traces B and C represent the 
SG3635’s voltage outputs. The motor draws 200 mA in 
normal mode but requires more than 3A during a 
reversal because of the armature’s stored energy. 

Servoed motor makes position ciear 

In addition to controlling speed and direction, you can 
use the SG3635 in a simple circuit to control a shaft’s 
position (Fig 5). In this configuration, the motor drives 


Fig 4—Large peak-reversal current in Fig 3’s motor is evident in 
trace A. Traces B and C show the drivers' output reversal; the outputs 
handle the 3A motor peaks cleanly. 


supply current flows through both 
devices, effectively shorting the 
supplies. A common approach to 
alleviating the problem is to make 


the stage switch quickly, minimiz¬ 
ing concurrent ON time. 

The wideiy used 555 timer fur¬ 
nishes this simple solution. How¬ 


ever, it stiil generates consider¬ 
able supply glitches (c). Trace B 
shows the large supply-current 
spike the IC’s output pair pro¬ 
duces when switching (trace A). 
Such a current spike, in conjunc¬ 
tion with a suppiy bus’s impe¬ 
dance, can result in unacceptable 
system noise or device destruction. 

The SG3635’s interlock circuitry 
ensures complete turn-off of one 
output device before the other 
begins to turn on. This provision 
eliminates supply shorts during 
switching, even when controlling 
high power. To verify this action, 
use the figure’s test circuit (d). 
Part (e), trace A shows one phase 
(Q) of the 74C74’s output; trace B 
depicts the driver’s output. 

When Q switches LOW, the 
SG3635 unclamps its sink transis¬ 
tor, then allows the source device 
to turn on. The reverse holds true 
when Q switches HIGH. These 
intentional turn-on delays account 
for the 200-nsec output-timing 
skew. Note in trace C—the 
ground-pin-current—^that no cur¬ 
rent ever flows directly through the 
source/sink pair. 

For more information on the 
SG3635, Circle No 749. 



TRACE 

VERTICAL 

IHORIZONTAL 

TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

boo nSEC/DIV 

A 

10V/DIV 

200 nSEC/DIV 

B 

500mA/DIV 

'200 nSEC/DIV 

B 

20V/DIV 

200 nSEC/DIV 




C 

lOOmA/DIV 

200 nSEC/DIV 


(d) 


SCOPE 



NOTES: 

RETURN SG3635 LOAD AND GROUND-PIN LEADS SEPARATELY TO SUPPLY 
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IC’s high-current output 
yields fast motor reversal 



^-► TO LEADSCREW-SCANNER DRIVE 


Fig 5—Control a shaft’s angular position with this servo-loop circuit. Select the position by applying limits to the comparator 
inputs. The circuit uses supplies shifted 15V negative to provide a ground-level bipolar output to the motor. 


a mechanical scanner in either direction between a set 
of programmed limits. The driver IC's ground pin is 
biased at -15V, allowing the device's output to swing 
symmetrically about OV. 

The 5-kn pickoff potentiometer detects the scanner's 
position, then trips a pair of limit comparators; these 
comparators in turn bias the RS flip flop that controls 
the SG3635. To provide logic-level compatibility with 
the driver, the flip flop uses 0 and -15 supplies instead 
of the usual +15 and OV configuration. This circuit 


forces the scanner to run continuously between the 
limits defined by the Vlimit inputs. You could control 
speed by summing pulse-width-modulated signals at 
the comparator inputs or by gating the SG3635's inputs. 

Tackle nonmotor drive problems, too 

You can also use the driver IC in applications other 
than motor control. Consider, for example, the problem 
of driving long cables at high data rates—a difficult task 

because of the rapid buildup of parasitic capacitance 

_ Continued on pg 204 


ANALOG 

INPUT 



Fig 6—Driving a brutal capacitive load presents little problem to the SG3635 driver. In this circuit, the IC drives a 10,000-ft 
data-communications cable having 0.1-\iF capacitance. The driver transmits serial 100-kHz data to the receiving comparator. 
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Drive long cables 
with total data recovery 


with increasing cable length. In a remote data- 
monitoring application, for instance, a 10,000-ft cable 
displays O.l-jxF capacitance—a brutal load at high 
speed, making receiver-end data recovery difficult. 

Fig 6’s circuit provides the drive for this difficult 
load: The V/F converter presents a serial, 100-kHz 
square-wave data format to the SG3635. The driver’s 
output (Fig 7, trace A)—somewhat distorted because of 
the load—drives the line. Trace B shows the IC’s 
output current: The 5A peaks at the waveform’s edges 
clearly reflect the heavy capacitance. 

The square wave’s distortion is relatively minor, 
allowing easy data recovery. The 311 comparator uses a 
simple RC network to set an adaptive amplitude 
threshold against which to compare the line output. 
Because the threshold is derived from the signal, 
power-supply shifts produce no undesirable effects. 

In another nonmotor-related application, you can use 
the SG3635 in conjunction with a pH probe as a 3-mode 
controller (Fig 8). The FET op amp unloads the probe 
and routes the signal—via an RC filter—^to the two 
comparators. The comparators, configured as a double- 
ended limit detector, bias the SG3635; the IC then 
drives valves that feed either acidic or basic solutions to 
the chemical vessel. 

If pH is correct, both comparator’s outputs remain 
HIGH and neither valve energizes: The appropriate 
LOW-switching comparator redresses eventual pH 
imbalance by turning the necessary valve on. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

2mSEC/DIV 

B 

4A/DiV 

2 hSEC/DIV 

C 

5V/DIV 

2^SEC/DIV 


Fig 7—^The effects of Fig 6’s gluttonous capacitive load 

are evident in traces A and B. The 10,000-ft line absorbs 5A 
current peaks during the IC’s switching transitions. The 
receiving-end comparator uses an adaptive amplitude 
threshold to produce a clean output 


In a final example of the driver IC’s versatility, 
consider its use as a power-transistor driver. Driving 
these devices at high speed requires active turn-off 
techniques to sweep charges from the base-emitter 
junction. Moreover, many high-voltage power transis¬ 
tors need negative base bias to guarantee breakdown 
ratings. 

Assume, for example, the use of unipolar base drive 


15V 15V 



Fig 8—Regulate a chemical solution’s acidity with this 3-mode controller circuit The SG3635 drives the valves that add either 
acidic or basic solution to the bath. Set the desired pH with potentiometer-determined comparator limits. 
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Valve-control circuit 
maintains constant pH 



(b) 



Fig 9—Using unipolar base drive (a) for a high-power 
transistor can result in slow collector turn-off. A bipolar-drive 
circuit (b) shortens turn-off time considerably by sweeping 
out base-emitter charge. Moreover, the negative base bias 
improves the transistor's breakdown characteristics. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 nSEC/DIV 

B 

200V/DIV 

500 nSEC/DIV 

C 

3A/DIV 

500 nSEC/DIV 

D 

5V/DIV 

500 nSEC/DIV 

E 

200V/DIV 

500 nSEC/DIV 

F 

3A/DIV 

500 nSEC/DiV 


Fig 10—Dramatic turn-off-time differences between uni¬ 
polar- and bipolar-base-drive circuits (Figs 9a and 9b) are 
evident in this photo. Long collector-voltage (trace B) and 
-current (trace C) ON-to-OFF transitions result from the 
unipolar drive (trace A); the bipolar drive (trace D) increases 
turn-off speed more than sevenfold. 


(Fig 9a) for a high-power 2N6308. Fig 10, trace A 
shows the transistor’s base waveform; traces B and C 
display collector voltage and current, respectively. 
Because the base drive is unipolar, the collector turns 
off slowly: Voltage and current require about 1.5 (xsec 
to settle. What’s more, the transistor dissipates 
considerable power during turnoff, increasing its vul¬ 
nerability to secondary breakdown. Inductive loads (eg, 
flyback transformers) can exacerbate the situation. 

The solution? Fig 9b’s circuit uses an SG3635 to 
provide bipolar base drive, thereby shortening turn-off 
time. The 311 comparator shifts the TTL-command 
level to bias the driver’s Enable input; shifting is 
necessary because the SG3635’s ground pin is returned 
to -15V. The 25fi resistor to ground limits the 
transistor’s reverse bias. Traces D, E and F show the 
2N6308’s base voltage and collector voltage and cur¬ 
rent, respectively—you can see that collector tumroff 
time decreases to 200 nsec, greatly reducing the 
likelihood of secondary breakdown. EDN 
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New Application Technology 


Simplify feedback controllers 
with o 2-quadrant PWM 1C 


A 2-quadrant pulse-width-modulator 1C eliminates many of the problems 
arising with unipolar devices in feedback-control applications. 


Jim Williams, Consultant, 

and Stan Dendinger, Silicon General Corp 

The SG1731 pulse-width-modulator (PWM) IC brings 
to motor controllers and similar applications the 
efficiency previously limited to switching-power-supply 
circuitry. As a result, you can use it to design 
motor-controller circuits having parts counts smaller 
than previously achievable. 

Switching-power-supply PWM controllers are de¬ 
signed to be 1-quadrant power conditioners, furnishing 


a dc output voltage with fixed polarity and amplitude 
proportional to a unipolar reference voltage. Motor 
controllers, on the other hand, require an integrated 
pulse train with a dc component proportional to the 
magnitude of an applied reference voltage and polarity 
determined by the reference's sign. Otherwise, they 
can't produce bidirectional rotation. 

In addition, the architecture of power-supply PWM 
ICs often proves inappropriate for motor-control tasks, 
requiring so many auxiliary circuits that totally dis¬ 
crete designs often prove more economical. PWM 


+ Vo 



OUTPUT A 


OUTPUT B 


Fig 1—A dc-motor pulse-wldth-modulato r IC, the S G1731 features 50-Hz to 350-kHz oscillator range, adjustable deadband 
operation, a high-slew-rate error amplifier, a Shutdown input providing floating outputs, and dual 100-mA source/sink output drivers 
capable of operating from supplies to ±32V. 
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Error voltage controls 
pulse-width modulation 


power-supply controllers attempt to produce a varia¬ 
ble-energy-content ac waveform, because power must 
be transferred via a high-frequency transformer. 
Unlike those from a PWM motor-control IC, the PWM 
pulses produced by these devices must alternate and 
are therefore produced by a dual-driver architecture. 

Fig 1 shows the SG1731's structure. The device 
contains a triangle-waveform oscillator whose frequen¬ 
cy is determined by an external capacitance at pin 6 and 
whose amplitude can be set through resistor or voltage 
programming at pins 2 and 7. The IC also contains a 
wide-band op amp for error-voltage generation, a 
summing/scaling network for level-shifting the oscilla¬ 
tor waveform, externally programmable PWM compa¬ 
rators and dual ±100-mA continuous (±200-mA pk), 
±32V totem-pole drivers with commutation diodes for 
full-bridge output drive. Typical supply voltages are 


±15V, although the device can function at values as low 
as ±3.5V. You can use dual- or single-polarity supply 
voltages. Pin 15, the Shutdown terminal, forces the 
output drivers into high-impedance states when LOW. 

Pulse-width modulation occurs when an error voltage 
gets added to the triangle waveform, attenuating the 
resulting signal by a factor of two and comparing it with 
threshold voltages +Vt and -Vt (pins 1 and 8). Fig 2 
illustrates the case for Va<Vt. When the error is OV, 
no threshold crossings occur, and the output drivers 
remain at -Vo (Fig 2a). As the error voltage goes 
positive, the upper threshold gets periodically crossed 
by the shifted waveform, and output driver A switches 
to +Vo (Fig 2b). As the error voltage becomes larger, 
the duty cycle of driver A increases linearly toward 
100%. The same action occurs at output B (Fig 2c) for 
negative error voltages. 
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Class D amplifiers for audio applications 


Almost all amplifiers use some 
form of output pass element to 
deliver power to a load. Because 
the amplifier controls this pass 
element, and because the amount 
of power delivered to the load 
varies, dissipation is inevitable. 
And at high power, substantial 
dissipation losses place limits on 
packaging, power consumption 
and efficiency. 

One form of amplifier, the Class 
D stage, largely circumvents 
these problems by using a 
switched-mode output stage to 
deliver power to the load. Be¬ 
cause the amplifier’s output is 
either ON or OFF, efficiency is 
higher than that of a linear stage, 
and heat dissipation is low. In Fig 
A, the output of such a stage is 
represented by a series of width- 
modulated pulses whose power¬ 
time spectrum is related to the 
input signal. 

In theory, this type of stage can 
serve in an efficient audio amplifi¬ 
er. And recently, designers have 
expressed a great deal of interest 
in developing such an amplifier. 
However, practical problems have 
made a workable switching design 
for audio difficult to achieve. 

Historically, switched-mode- 
amplifier designs called for com¬ 
plex circuitry and expensive out¬ 
put devices. Producing a 
pulse-width modulator that pro¬ 
vides 2-quadrant response with 
high linearity and wide bandwidth 
was difficult. In addition, even if 
available, low-loss output switch¬ 
es that operated at high carrier 
frequencies were expensive, and 
the drive circuitry quite complex. 

The introduction of power-FET 
devices has reduced design-cost 
and complexity problems in the 
output stage. But although such 
components make the job easier, 
designers still must deal with sev¬ 
eral issues to achieve optimum 
performance. 

One unpleasant surprise is the 
combination of the high-frequency 



AMPLIFIER 


(a) 


EFFECTIVE 

POWER-TIME 

SPECTRUM 



TO 

LOAD 



OUTPUT 

STAGE 



Fig A—A switched-mode PWM Ciass D ampiifier coupled to an FET output stage 
provides efficient operation. 


carrier and the FETs’ input capac¬ 
itance. The FET gate drive (Fig B, 
trace A) causes the current drawn 
through the input capacitances 
(trace B) to peak at 400 mA on 
both edges as the FETs switch. 
Although the FETs have a high 
impedance at dc, the high carrier 
frequency required for audio calls 
for substantial average gate cur¬ 
rent. This requirement in turn calls 
for some form of preceding driver. 

A more serious problem centers 
on filtering the carrier at the load 
(a speaker in audio applications). 
Filter design is complicated by the 
uncertain characteristics of the 
lead wire and speaker that con¬ 
nect to the amplifier. Even if these 
parameters are fixed by specifica¬ 
tion, the speaker’s reactive nature 
complicates the design. 

Even assuming the filter can be 
built, the waveform across the 
speaker is well out of the phase 
with the input because of carrier- 
induced phase shift as well as 
filter phase shift. As a result, 
closing a feedback loop from the 
load proves difficult. It might be 
possible to use a complementary 
phase-shift network to correct for 
this shortcoming, but the design of 
this type of an audio-grade com¬ 
pensation scheme is difficult. 
Without feedback, the problem 
goes away, but nonlinearities in 



TRACE 

VERTICAL 

HORIZONTAL 

A 

50V/DIV 

200 nSEC/DlV 

B 

200 mND\y 

200 nSEC/DIV 

C 

20V/DIV 

200 nSEC/DlV 


Fig B—Fig A’s FET output stage draws 
400-mA pk gate current when the FETs 
switch (trace B). Trace A is the gate drive 
signal; trace C, the FETs' source lines. 


the pulse-width modulator then 
contribute to output distortion. 

Finally, the high-frequency har¬ 
monics in the switching stage 
pose a difficult RFI-suppression 
problem. The same fast switching 
that yields efficiency and wide- 
range audio bandwidth also quali¬ 
fies as a potential broadband 
radio transmitter and ,must be 
suppressed. This need mandates 
careful layout, expensive and 
complex packaging and RFI sup¬ 
pression on both power and 
speaker connections. 
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No motor power required 
with deadband operation 


A motor connected across the full bridge formed by 
drivers A and B receives a high-frequency pulse train. 
When integrated by the armature's L/R time constant, 
this pulse train results in a voltage drive proportional to 
the error signal's magnitude. Drive-signal and error- 
voltage polarities are identical. 

With this deadband operation, no motor power gets 
applied in a small region around the servo loop's null 
point. Although this action conserves power (desirable 
in some applications), it results in a loss of both 
positioning accuracy and mechanical stiffness. 
Deadband operation is also not desirable in switching 
(Class D) audio amplifiers. There, crossover distortion 
is unacceptable, and poor speaker damping results (see 
box, “Class D amplifiers for audio applications"). 

The other SG1731 mode of operation is shown in Fig 
3, where Va>Vt. At the loop null point, the motor 
receives drive pulses that resist externally produced 
armature movement. The integrated drive voltage is 
OV with no error voltage (Fig 3a) because the drive 
pulses alternate in polarity and have identical widths at 
the null point. Figs 3b and 3c show the effects of error 
voltages on the oscillator signal. 


This is the preferred control mode in a missile-fin- 
actuator system, for example, where aerodynamic 
forces on the airfoil attempt to move the motor 
armature away from the null position. 

You can configure the SG1731 as a bidirectional 
motor-speed controller as shown in Fig 4. The motor 
specified runs directly from the device's outputs, and 
the tachometer produces an output directly proportion¬ 
al to the motor's speed and direction. This high-level 
signal gets divided down and filtered by the discrete 
components associated with the tachometer, then 
applied to the 173rs error-amplifier input. The 1731 
internally compares this signal with the speed-control 
input's value and provides output drive of the appropri¬ 
ate phase and magnitude, completing a speed-control 
loop. Set the comparator voltages for nondeadband 
operation. The lowest rotation speed depends on the 
motor's friction characteristics. 

Instantaneous-direction-reversing applications might 
require an optional current-limiting circuit rather than 
±15V applied directly to pins 11 and 14. At the time of 
direction reversing, the motor draws peak currents 
that could damage the 173rs output drivers. Qi’s ability 


0.0015 mF 




NOTES: 

MOTOR-TACH: 

CANON 

CKT-26-T5-3SAE 


SPEED-CONTROL INPUT 


Fig 4—In this bidirectional motor-speed controller, the tachometer provides feedback while the current-limiting circuit protects 
the outputs from surge currents. 
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Extend control capability 
with high-current drivers 


to supply current is controlled by Q 2 's state, which in 
turn depends on the voltage across the 40 current¬ 
sensing resistor. If the motor current exceeds 200 to 
250 mA, Q 2 turns on and Qi shuts off. 

Another bidirectional speed-control loop appears in 
Fig 5. Here, SG1635 drivers control higher motor 
power and eliminate the need for a speed-monitoring 
tachometer; instead, back EMF produced by the motor 
serves as a feedback signal. This arrangement entails 
some increase in circuit complexity but eliminates the 
tachometer’s cost. 

The circuit’s basic servo mode is similar to that of Fig 
4. The 311 comparator (ICO senses the polarity of the 
input command signal. Its output goes to the 1635s via 
a diode and inverter, allowing both 1635s to be OFF, 
neither sinking nor sourcing current, when the 1731 is 
not producing output pulses. Fig 6 shows the circuit 
waveforms. When either 1731 output is HIGH, the 
other output is LOW, and the motor is driven. When 
both outputs are LOW, the 1635s are OFF and the 
motor is electrically floating. 

The motor’s inductive turn-off spike gets damped by 
the 1635s’ internal diodes. After turn-off, the waveform 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

200 mSEC/DIV 

B 

20V/DIV 

200 mSEC/DIV 

C 

10V/DIV 

200 mSEC/DIV 

D 

20V/DIV 

200 mSEC/DIV 

E 

20V/DIV 

200 mSEC/DIV 


Fig 6—Waveforms for Fig 5’s tachless controller include 
the controller’s outputs (traces B and C) and the voltage 
across the motor (trace A). The 10-k^l/0.02~[kF network’s 
decay time (trace D) ensures that the FET drive (trace E) 
remains off until after the inductive spike has settled out 


15V 



Fig 5—A tachless controller based on the 1731 uses motor back EMF and some additional parts to reduce overall cost. 
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Eliminate servo hunting 
with iong time constants 


returns to a dc level determined by the back EMF of 
the undriven motor, now functioning as a tachometer. 
This level gets differentially picked off by the 301A op 
amp (IC3), whose output feeds a switched synchronous 
filter. This filter, composed of the FET and the 
lOO-kn/O.Ol-fjiF combination, samples the back-EMF 
value during the motor's powered interval. 

A 311 (IC 2 ) gates the FET switch synchronously with 
the 1731's output. The diode-RC network feeding IC 2 
allows either output to actuate the filter. The 10-kH/ 
0.02-fjLF network's decay time length (Fig 6, trace D) 
ensures that the FET drive (trace E) remains OFF 
until well after the inductive spike has settled out. 

The pure dc filter output feeds back to the 1731's 
error amplifier to complete the speed-control loop. The 
zener-diode bridge clamps all inputs above approxi¬ 
mately ±10V; otherwise the 1731's outputs would 
saturate at dc and the switched feedback loop would 
never operate. 

Another SG1731 application appears in Fig 7. Here, 
two 1731s bidirectionally control the speed and shaft 
position of a printed-circuit-type motor. 


The shaft position gets sensed at the output of a 
geardown transmission. Slave the 1731s together to 
avoid producing frequency beating from separate 
oscillators; take the triangle waveform of SG1731a 
through a 301A follower and use the output to drive the 
capacitor pin of SG1731b. This is an effective way to 
slave 1731s together because the follower's low- 
impedance output overrides whatever state the unbi¬ 
ased internal oscillator of SG1731b might take. Control 
the shaft position by sensing it with a potentiometer 
that feeds a signal back to SG1731a. This signal then 
gets compared with the Position input, and the outputs 
of SG1731a drive the shaft to the position required to 
balance the error amplifier's inputs. 

SG1731b functions in a speed-control loop similar to 
that described in Fig 4. It controls speed by using its 
output pins, via a diode OR gate, to pulse-width- 
modulate SG1731 a s Shutdown pin. The 311 comparator 
prevents either SG1731 b output from going LOW on a 
dc basis by synchronously gating signals into the 
device's output comparators, forcing the appropriate 
output HIGH. 



Fig 7—In this bidirectional motor-speed-controller/positioner application, SG1731a acts as a position servo, while 
SG 1731 b controls speed. 
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NOTES; 

* = 1% RN60 FILM 

FAN MOTOR = SERVO-TEK #SA-6lS5B-24 
Rthermistor = yellow SPRINGS INSTRUMENTS #44014 


THERMAL 

FEEDBACK 


THERMISTOR 

163kQAT 100“F {38“C)—TURN-ON 
lOlkQAT 120°F {49“C)—FULL-ON 


Fig 8—A fan-temperature controller’s error-amplifier output (pin 5) warns of an overtemperature condition. 


THERMAL FEEDBACK 



NOTES: 

AD524-ANALOG DEVICES INC 
LEDs —HEWLETT-PACKARD 
RED-HLMPO301 
GREEN —HLMPO401 
PELTIER COOLER —CAMBION 
#801-2003-01-00-00 
*-ULTRONIX 105A 0.05% 

“ — ESI DS1463 1000Q 
5-DECADE RESISTOR 
—ROSEMONT ENGINEERING 
TYPE 118ME 

SG1635 PINS LISTED FOR TO-220 
CASE 


IDEAL THERMISTOR VALUES 


TEMPERATURE 

RESISTANCE 

- 5°C 

980.05^? 

-4°C 

984.04 g 

-3“C 

988.03g 

- 2°C 

992.02g 

- 1 °C 

996.01 Q 

0“C 

looo.oog 

1 “C 

1003.98Q 

2X 

1007.97g 

3“C 

1011.95g 

4°C 

, 1015.93g 

5°C 

1019.9ig 


Fig 9—A well-insulated Peltier cooler with good heat removal on its normally hot side specs stability better than 0.02°C typ. 
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Motors adapt easily to Class D 
operation, speakers don’t 


Consider SG1731a to be a position servo; SG1731b 
controls how quickly the position is acquired. Dead- 
zone control results from voltage-modulating SG1731b's 
comparator thresholds. 

Fan-temperature control safeguards instruments 

You can also use a 1731 to control a fan motor’s speed, 
regulating instrument temperature and extending fan 
life (Fig 8). At least one oscilloscope manufacturer uses 
this approach, and it has also found use in several 
military applications. 

When power is applied, the thermistor, located near 
the fan, has a high resistive value. This condition 
unbalances the amplifier-driven bridge, sending pin 12 
LOW. Qi and the fan motor are off. But as the 
instrument warms, thermistor resistance decreases, 
producing PWM signals at pin 12 and turning Qi and 
the fan motor on. 

The 100 -(jlF capacitor determines the time constant 
across the error amplifier; a short time constant 
produces audibly annoying hunting in the servo. The 
500 resistor limits motor current, and the 1N4002 
diode dampens motor spikes. 


The SG1731 can function in nonmotor applications, 
too. The freezing point of water serves as a reference 
point for the calibration of various types of temperature 
sensors, such as platinum RTDs and thermocouples. In 
such applications, an ice slurry in a Styrofoam container 
or a Dewar bottle is usually used to achieve the 0°C 
condition. Although inexpensive, this approach re¬ 
quires constant ice replenishment and water removal 
and tends to be messy. As an alternative, you can use 
the SG1731 to provide 2-quadrant control for a 
Peltier-junction-type thermoelectric cooler. 

Current flow in a Peltier device cools one side of the 
junction and heats the other; reversing the applied 
current causes the cold side of the junction to heat and 
the hot side to cool. Commercial devices use a large 
number of junctions to achieve high thermal capacity 
and are about the size of a postage stamp. They are 
optimized for one direction of current flow but can work 
both ways. 

Fig 9’s circuit capitalizes on this characteristic to 
achieve a very precise temperature reference that cools 
to 0°C and then settles out very quickly. Most thermal 
control loops settle slowly because energy can only be 


15V 



Fig 10—A switched-mode power amplifier using a 25-kHz carrier transmits a 400-Hz waveform to a load. 
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Temperature reference 
is bidirectional 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

500mSEC/DIV 

B 

50V/DIV 

500mSEC/DIV 

C 

50V/DIV 

500mSEC/DIV 

D 

50V/DIV 

500mSEC/DIV 

E 

20V/DIV 

500mSEC/DIV 


Fig 11—In these waveforms for Fig 10’s amplifier, trace A 
is the amplifier’s input, traces B and C the 173 Vs outputs and 
trace D the waveform across the Ioa0. Trace E, a 3-kHz 
filtered version of trace D, shows that power density 
approximates input signal. 


removed (as in a refrigerator) or added (as in a crystal 
oven). But because the Peltier device is thermodynami¬ 
cally bidirectional, it's an ideal choice for use in a 
low-temperature servo. 

When power is applied, the platinum sensor (at a high 
resistive value) unbalances the bridge and causes the 
AD524 instrumentation amplifier to saturate negative¬ 
ly. This action turns the 1731 and its 1635 drivers on, 
resulting in current flow through the Peltier device in 
the cooling direction. WTien the temperature reaches 
0°C, the 1731 tends to cut off, causing loop overshoot. 
However, the heat-pump reversal in the Peltier device 
forces short thermal settling times. 

The lOO-kfl potentiometer adjusts loop gain; the 
1-fxF capacitor sets bandwidth. The lOO-kfl resistors 
and the 0.01-(jlF capacitor across the instrumentation 
amplifier filter out the fast chopping noise the platinum 
sensor, a wirewound device, picks up. 

If you use the resistance decade shown, you can 
control the junction at any desired temperature around 
0°C. For an ideal lOOOfl sensor at 0°C, the table values 
shown in Fig 9 apply. You can substitute the actual 0°C 
value for the platinum sensor used, biasing all values by 
the difference between the sensor resistance at 0°C and 
lOOOfl. The bidirectional thermal control and high loop 
gain produce very rapid response to any shift in 
temperature setpoint, plus high stability. 

Finally, the SG173rs 2-quadrant capability allows its 
use as a switched-mode (Class D) power amplifier. 
Motors and other devices that can integrate the 


time-power spectrum of a Class D amplifier output are 
obvious loads. The design can also serve audio applica¬ 
tions but requires careful attention to output filtering 
to achieve acceptable distortion levels. 

Fig 10 shows the 1731 set up to deliver high power to 
a ion load via complementary power FETs. The 
device's output stage swings ±25V, providing a 10V 
enhancement for turning on the FETs. The active 1731 
outputs are ideal for driving power FETs because they 
can both source and sink the relatively high gate 
currents caused by the FETs' input capacitances. Fig 
11 shows the waveforms associated with this 
circuit. EDN 


The big picture 

The applications described in this article only 
scratch the surface of the SG173Ts capabilities. 
For more information and a data sheet, Circle No 
684. 
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New Application Technology 



Dipolar 1C op omps 
enhance circuit precision 


If traditional bipolar op amps don’t meet your circuits’ 
stringent performance needs, consider two new ICs that 
provide increased accuracy and suit varied uses. 


Jim Williams, Linear Technology Corp 

You can take advantage of two new bipolar IC op amps 
to improve measurement- and control-circuit precision. 
These devices, the LTlOOl and LT1002, provide better 
bias, offset and common-mode parameters than do their 
predecessors (see box, ''Latest op amps offer perform¬ 
ance improvements'’). Thus, they suit use in in a 
variety of critical applications—such as signal condi¬ 
tioners, battery chargers, motor positioners and volt¬ 
age references. 

Consider, for example. Fig la's strain-gauge condi¬ 
tioner. In addition to exploiting the LT1002's low offset 
and drift, this differential-input circuit employs a novel 
switched-capacitor front-end stage that achieves per¬ 
formance not available from typical instrumentation 
amplifiers. For instance, the front end provides a dc 
common-mode rejection ratio (CMRR) that exceeds 160 
dB, furnishes a ±300V common-mode range and 
provides gain accuracy and stability limited only by 
external resistors. As a result, the circuit withstands 
the severe transient and fault conditions often encoun¬ 
tered in industrial environments. 

Two series-connected pairs of LED-driven, optically 
coupled MOSFET switches (Si through S4) form the 
heart of the switched-capacitor front end. During 


data-acquisition cycles. Si and S 2 close, allowing a 1 -|jlF 
polypropylene capacitor (Ci) to charge to the bridge's 
differential level. 

During data-read cycles, S3 and S4 close, and Ci 
charges a 0.2-|xF capacitor (C 2 ) that connects to op amp 
Ai's noninverting input. A 10-kD resistor (Ri) reduces 
data-read errors by requiring several clock cycles for C 2 
to charge to Ci's constantly refreshed bridge-output 
level. Ai's feedback resistors scale C 2 's voltage to 
provide 0 to lOV outputs for 0 to 30-mV differential 
bridge voltages, A 0.1-|xF feedback capacitor sets the 
circuit for 5-Hz low-pass response. 

Because only the bridge's differential voltage ap¬ 
pears at Ai's inputs, the circuit's common-mode range 
depends only on the switches' maximum-voltage rating. 
Note, however, that at high voltages, the switches' 
3-|jlA max leakage current might introduce output 
errors. 

To ensure that data-acquisition and -read switches 
never close simultaneously, amplifier A 2 and its associ¬ 
ated CMOS logic components generate precise, non¬ 
overlapping 93-Hz clocks. Fig lb's trace A shows the 
circuit's data-acquisition pulse; trace B illustrates the 
data-read pulse. When the data-acquisition pulse goes 
LOW, Si and S2 turn on and S3 and S4 turn off. The delay 
between data-acquisition falling edges and data-read 

“Resistors and Grounds" © by Mary Chomenko 
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Precision bipolar op amps 
expand design applications 


rising transitions ensures that Si and S 2 turn off fully 
before S 3 and S 4 begin to conduct. Trace C shows the 
voltage across the data-acquisition switches' drive 
LEDs. 

A 3 and Q 2 provide the bridge's lOV excitation level by 
amplifying an LM329's 6.9V reference output. During 
data-acquisition cycles, Qi conducts, passing the excita¬ 
tion voltage to the bridge. When data-read cycles 
begin, Q 2 grounds Qi's base, thereby turning the 
excitation voltage off to reduce leakage through Si and 
S 2 . While Q 2 clamps Qi's base, an input diode drives As's 
inverting input HIGH; at the start of acquisition cycles, 
the diode unclamps A 2 and the op amp quickly drives 
Qi's emitter to 10V. Switched and dc reference outputs 
support ratiometric connections to monitoring ADCs. 

Note that because the trimmable 93-Hz switching 
frequency isn't harmonically related to the 60-Hz power 
lines, the circuit is insensitive to power-line-generated 
noise. In addition, the MOSFET switches' optical drive 
eliminates the charge-injection problems common to 
FET-drive switched-capacitor networks and therefore 
increases circuit precision. Unfortunately, though, the 
optical switches' 750-|jLsec state-change time limits the 


network's carrier to relatively low frequencies. But 
because strain-gauge bridge circuits don't condition 
rapidly changing signals, this problem remains minor. 

Overcome thermal nonlinearity 

Now suppose you want to make high-accuracy 
temperature measurements. Platinum resistance tem¬ 
perature detectors (RTDs) prove most stable in such 
applications, but their nonlinear temperature-vs- 
resistance characteristics complicate signal condition¬ 
ing. Over a 0 to 100°C range, for example, the 
detectors' nonlinearity results in errors as great as. 
0.4°C. By using Fig 2's circuit, though, you can 
compensate for such nonlinearity and thus achieve 
±0.025°C absolute accuracy over a 0 to 100 °C range. 

In this circuit, Ai functions as a fractional-gain 
inverter that forces a constant current through the 
1 -kD (at 0°C) platinum RTD. An LM329 and its 
associated 10 -kD resistor provide the current refer¬ 
ence. Because Ai operates with a gain of less than 
unity, only a low voltage appears across the RTD, and 
self-heating-induced errors remain small. 

Ai's output, which varies with the RTD's tempera- 


O SWITCHED 
REFERENCE 
OUTPUT 

NOTES: 

Ci = 7 mF polypropylene 

C2 = 0.2/xF 

Si, S 2 , S 3 , S 4 = THETA-J OPTO-MOS SWITCH 
TYPE OFM-1A 
Qi, Q2 = 2N2219 
D/ODES= 1N4148 

* = TRW TYPE MAR -6 FILM RESISTOR 
** =TRW TYPE MAR -6 FILM RESISTOR 
SELECT FOR 10V ± 5% AT EMITTER 



5.6k* I W ►! I r- 

^ -L 

H-M- 


POLYPROPYLENE, 
0.1 mF 


(a) 



EN 

RS 


CARRY 

CLK 

CD4022 

1 

2 


93 Hz 
(READ) 


74C86 




y Qi Q 2 


74C906 


RESET 


LM 329 
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ture, feeds output amplifier A 2 . This op amp furnishes 
scaled gain and offsets; its output swings over precisely 
0.000 to lO.OOOV for 0.00 to lOO.OO^'C RTD changes. A 2 's 
1-p.F feedback capacitor limits noise pickup. 

Normally, RTD-based thermometers exhibit 0.4°C 
nonlinearity errors because of imperfect sensor re¬ 
sponse. In this circuit, however, a small portion of A 2 's 
output gets returned to Afs inverting input. This 
feedback corrects nonlinearity errors by dynamically 
changing the circuit's reference current, thus introduc¬ 
ing compensatory variations in the thermometer's gain 
slope. 

To calibrate the thermometer circuit, substitute a 
precision decade-resistance box (such as a GenRad 
Model 1432-K) for the RTD. Then set the box to 
1000.on—a resistance that corresponds to the RTD's 
0°C value—and adjust the 20-kD offset trimmer for 
O.OOOV at the circuit's output terminal. 

Next, set the decade box to 1138.711 (the RTD's 35°C 
resistance) and adjust the 20-kD gain trimmer for a 
3.500V circuit output. Finally, set the box to 1392.611 
(the RTD's lOO.OO^C value) and adjust the 20011 
linearity trimmer for a lO.OOOV output. After perform- 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

2 mSEC/DIV 

B 

10V/DIV 

2 mSEC/DfV 

C 

10V/DIV 

■ 2mSEC/DIV 


Fig 1—A precision op amp combines with four LED-driven 
optically coupled MOSFET switches to form a strain-gauge- 
bridge conditioner with a dc common-mode rejection ratio that 
exceeds 160 dB (a). The scope photo (b) illustrates the circuit’s 
performance: Data-acquire and -read pulses (traces A and B) 
control the differential-to-single-ended signal transition per¬ 
formed by the MOSFET switches and their associated capaci¬ 
tors. The LEDs’ optical drive (trace C) eliminates the charge- 
injection problems common to FET-based switched-capacitor 
networks. 


IM” 



NOTES 

* = ULTRONIX 105A WIREWOUND RESISTOR 
•• = 1% FILM RESISTOR 
Rt = ROSEMOUNT#118MF PLATINUM 
RESISTANCE ELEMENT (1k = 0°C) 

Fig 2—An op-amp-based thermometer corrects for a 
platinum resistance terhperature detector’s (RTD’s) nonlinear 
response. This circuit provides ±0.025°C absolute accuracy 
over a 0 to lOO’^C measurement range. 

ing each calibration step once, repeat the procedure 
until all three outputs are stable and the error over the 
entire temperature range remains less than ±0.025°C. 

Note that the decade-resistance-box values are 
equivalent to a nominal 1000.011 at 0°C RTD sensor 
levels. You can accommodate sensors that deviate from 
these nominal values by factoring in the deviation from 
1000.011. RTD manufacturers typically supply devia¬ 
tion data in a form that expresses the offsets resulting 
from fabrication tolerances. Other errors—such as 
deviations arising from material impurities—remain 
negligible. 

Control battery charger thermally 

Another heat-measuring application involves the use 
of thermocouples to determine battery-cell tempera¬ 
tures. Charging NiCd batteries, for example, calls for 
high currents and short cycle times. Unfortunately, 
these requirements usually result in excessive internal 
heating that degrades battery performance and causes 
gas to escape into the atmosphere. Traditional charging 
schemes that involve monitoring cell voltages for fixed, 
high-charge-rate intervals alleviate some problems. 
But because cell voltages don't necessarily indicate 
battery charge states, open-loop schemes don't account 
for battery-characteristic shifts arising from aging and 
ambient-temperature effects. 

Fig 3a's thermocouple-based circuit overcomes these 
limitations by monitoring battery-cell temperatures 
and tapering charge rates accordingly. As a result, it 
rapidly charges NiCd batteries without accelerating 
their aging. In addition, a second thermocouple nulls 
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Signal-conditioning ampiifier 
minimizes nonlinearity 


the effects of ambient-temperature variations. 

To understand the circuit’s operation, assume that a 
discharged lOV NiCd battery pack is connected to the 
charger’s 2N6387 Darlington-transistor pair. The bat¬ 


tery thermocouple mounts directly to a battery cell, 
and the ambient thermocouple attaches to an object 
having a thermal mass approximating that of the 
battery pack. Under these conditions, both thermocou- 


1 


NOTES 

* =SINGLE-POINTGROUND 
** =CHROMEL-ALUMEL (TYPE K) 
40 iNI^C 


r-W— 015V 
1N4001 


Z:10V,1.2A-HR 
-=- NiCd STACK 



(a) 



(b) 


Fig 3—A thermally controlled NiCd-battery charger (a) 

monitors cell-to-ambient temperature differences and adjusts 
charging currents accordingly. A current-vs-time plot (b) 
shows that a 10V, 1.2-Ahr battery draws a high charging 
current until internal heating occurs. Then the closed-loop 
control stage tapers the charging-current flow. 



-15V 


(a) 


02.3,4,5= ^^3096 TRANSISTOR ARRAY 


Fig 4—Suiting use in motor-driven servo positioners, this op-amp circuit (a) generates an adjustable, symmetrical dead band. 
Thus, it allows accurate control of servo-motor stiffness and hunting characteristics around system null points. The scope photo (b) 
illustrates the operation of the circuit’s precision rectifier (traces A, B, C and D), dead-band generator (traces E and F) and output 
demodulator (traces G and H). 
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pies remain at the same temperature, and their output 
voltages cancel. Thus, the op amp’s noninverting input 
remains at OV. 

At a charge cycle’s beginning, a 620-kn resistor 
connected from V- to Ai’s summing junction causes the 
op amp’s output to swing positive. The Darlington pair 
then turns on, and current flows from the 15V supply 
through the battery pack and then to ground via the 
0 . 6 D shunt resistor. Consequently, the shunt’s voltage 
rises, and the op amp causes approximately 1 . 6 A to 
flow through the battery pack. 

As the battery charges, it generates heat. The 
battery-mounted thermocouple detects the resulting 
temperature rise, and the potential difference between 
the two thermocouples establishes a small negative 
voltage at the op amp’s noninverting input. For 
example, a 1 °C difference between the two thermocou¬ 
ples generates a 40-|jlV noninverting-input level. 

As the thermocouple voltage rises, the op amp 
balances its inputs by gradually reducing the current 
that flows through the battery (Fig 3b). Note that the 
battery charges at a high rate until heating occurs; 
then, circuit feedback tapers the charge rate, limiting 
the battery’s surface-temperature rise to approximate¬ 
ly 5°C above ambient level. The LTlOOl’s low offset and 
drift ensure that the small thermocouple voltages 



TRACE 

VERTICAL 

HORIZONTAL 

A 

iOV/DIV 

500 /xSEC/DIV 

B 

50V/DIV 

500 /xSEC/DIV 

C 

5V/DIV 

500 /xSEC/DIV 

D 

5V/DIV 

500 /xSEC/DIV 

E 

2V/DIV 

500/iSEC/DIV 

F 

5V/DIV 

500 /iSEC/DIV 

G 

5V/DIV 

500 /iSEC/DIV 

H 

5V/DIV 

500 /iSEC/DIV 


(b) 


resulting from such minimal temperature elevations 
accurately determine charge rates. 

Dead-band circuit drives servo motor 

Temperature monitors aren’t the only circuits that 
benefit from the LTIQOI and LT1002’s precision; other 
applications for the op amps include servo-motor 
positioners. These circuits require the generation of 
precision, adjustable, symmetrical dead bands that 
control a servo motor’s null-point response. Because 
dead-band stages often precede high-gain servo amplifi¬ 
ers, though, they must exhibit only small dead-band 
offsets. 

Fig 4a details a precise, adjustable dead-zone circuit 
that includes a synchronous rectifier (Ai and As); a 
variable unipolar dead-zone cell (Asa, Q 2 and Q4); and a 
demodulator (Asb). To understand the circuit’s opera¬ 
tion, consider that a triangle wave (Fig 4b, trace A) 
drives the input. Comparator As senses the waveform’s 
polarity (trace B) and causes Qi to alter Ai’s operating 
mode. When the input signal swings to negative levels, 
As’s output goes HIGH, Qi conducts, and Ai becomes a 
unity-gain inverter. Positive-going inputs drive As’s 
output LOW, thus cutting off Qi and causing Ai to 
function as a noninverting buffer (trace C). Asa result, 
this synchronous-rectification stage presents the dead- 
zone cell with a unipolar input signal (trace D). 

Ai’s output feeds a voltage-adjustable current source 
(Q 2 ) that drives current-to-voltage converter A 2 ’s 
summing node. Q 4 protects Q 2 ’s base-emitter junction 
against reverse bias, and Q 3 provides the current- 
source network with Vbe temperature compensation. 

WTien the dead-zone-set input at Qa’s emitter reaches 
a level greater than Ai’s output, Q 2 turns off (trace E) 
and A 2 a's output goes to zero. Conversely, when Ai’s 
output exceeds the dead-zone-set input, Q 2 conducts 
and A 2 A operates as a current-to-voltage converter. Ai’s 
inverted output thus appears at A 2 A s output, except 
with the region within the deadband removed (trace F). 

To recover the bipolar input signal, a synchronous 
demodulator formed by A 2 B and Qe alters the polarity of 
A 2 A s output signal in the same way that Ai and Qi 
change input-signal polarities. Transistor Q 5 inverts 
As’s output, causing Qe to turn on and off as Qi switches 
off and on. In this manner, A 2 B inverts A 2 A s signal 
when the input swings positive; it operates in a 
noninverting mode (trace G) for negative-going inputs. 
Thus, the circuit generates a replica of the original 
input waveform but inserts a user-definable dead band 
(trace H). 

Because one transistor (Q 2 ) processes both positive 
and negative signals. Fig 4a’s circuit produces nearly 
ideal dead-zone symmetry. And because Q 2 ’s Vbe drop 
limits the minimum dead-band amplitude to 600 mV, 
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Control battery charging 
with a thermocoupie-based amp 


A/s offsets don’t propagate to the circuit’s outputs, and 
As’s delay and offset effects cause no errors. Therefore, 
only A 2 A and A 2 B must possess low offset voltages. 

The LT1002 also excels when combined with a 
MOSFET-switched toroidal transformer in a precision 
variable voltage reference. This circuit (Fig 5a) 
provides simultaneous high- and low-voltage outputs 
with wide dynamic ranges and 10-ppm FS resolution. 
The circuit’s low-voltage output spans 0 to lOV in 
100-p.V increments; the high-voltage range covers 0 to 
lOOV in 1-mV steps. 

The reference’s low-voltage range derives from a 
noninverting gain stage (Ai) driven by an LM199 6.9V 
reference. A panel-mounted Kelvin-Varley-divider 


(KVD) circuit sets the range’s output level, and a 
2N2219 output transistor (Qi) boosts the circuit’s 
output capability.- Ai’s noninverting operation ensures 
that the KVD drives a high-impedance load; the op 
amp’s low-bias current and high CMRR allow error-free 
KVD buffering. Qi’s lOOO collector resistor limits 
short-circuit output current. 

To generate the circuit’s high-voltage output, a 
multivibrator formed by comparator As and its associat¬ 
ed components produces a 40-kHz chopping clock. This 
signal gets divided by a 74C74 flip flop, and the 
resulting complementary 20-kHz square waves bias two 
VN46 VMOS FETs. The FET switches contribute to 
the reference’s wide dynamic range because their low 


Latest op amps offer performance improvements 


Careful product design, fabrica¬ 
tion and testing allow the LT1001C 
(single) and LT1002C (dual) bipo¬ 


lar op amps to offer performance 
previously unavailable from mod¬ 
erate-cost precision ICs. Com- 


OP-AMP SPECIFICATION COMPARISONS 


PARAMETER 

LT1001C 

OP-07E 

OP-07C 

UNIT 

^os 

60(15*) 

75 

150 


AVos/^T 

1.0 

1.3 

1.8 

ixyrc 

’b 

4 

4 

7 

nA 

‘os 

3.8 

3.8 

6 

nA 

CMRR 

110 

106 

100 

6B 

PSRR 

106 

94 

90 

6B 

GAIN{RL = 2k) 

400 

200 

120 

V/mV 

GAIN{RL=.1k) 

250 

N/A 

N/A 

V/mV 

Pd 

80 

120 

150 

nnW 


PARAMETER 

LT1002C 

OP-207E 

OP-207F 

UNIT 

^OS 

100 

100 

200 


AVos/AT 

1.3 

1.3 

1.8 

ixvrc 

CM.RR 

1,10 

106 

100 

dB 

PSRR 

106 

94 

90 

dB 

^VOL 

350 

200 

150 

V/mV 

GBW 

0.5 

0.6(TYP) 

0.6{TYP) 

MHz 

SR 

0.1.5 

0.2(TYP) 

0.2{TYP) 

V/^SEC 

Pd 

85 

120 

150 

mW 


NOTES: 

•MILITARY GRADE WITH 883B PROCESSING (LT 1001AM/883). 

ALL SPECIFICATIONS ARE MAX AND MIN UNLESS OTHERWISE NOTED 
FOR Vcc= ± 15V. 


pared with existing industry- 
standard amplifiers (such as the 
OP-07 and OP-207), the two re¬ 
cently introduced devices furnish 
upgraded gain and accuracy 
specifications (table). 

Most significant among the op 
arnps’ enhanced specs are com¬ 
mon-mode rejection rato (CMRR), 
power-supply rejection ratio 
(PSRR), signal gain (Avol) and 
power dissipation (Pd). For exam¬ 
ple, the $2.60 (100) LTIOOlC’s 
110-dB CMRR represents a three¬ 
fold improvement compared with 
the OP-07’s performance. And the 
LT1001/1002’s 106-dB PSRR bet¬ 
ters the OP-07's characteristics by 
a factor of six. Moreover, the 
LT1001C doubles the OP-07E’s 
open-loop dc gain and exhibits no 
gain glitch, even when sinking 6- 
to 8-mA load currents. 

Power-dissipation comparisons 
also favor the LT1001C by at least 
33%. Moreover, the op amp’s 
reduced dissipation entails no 
slew-rate or gain-bandwjdth- 
product losses. Similarly, the $5 
(100) LT1002C's key specs equal 
or exceed OP-207’s published 
specifications. 

For more information on these 
two op amps, Circle No 727. 
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Servo-controlled circuit 
furnishes dual references 


saturation resistance results in controlled output reso¬ 
lution for levels as low as 1 mV. 

Op amp A 2 compares the transformer/rectifier/filter 
combination’s divided output with the low-voltage 
output. The amplified difference voltage biases a 
2N6533 power Darlington that closes a feedback loop 
around the transformer by driving the toroid’s primary 
center tap. By selecting the high-voltage divider’s 


resistors, you can calibrate the loop for precise 0 to 
100.OOV outputs that correspond to KVD dial settings. 
A 1-|jlF capacitor around A2 and the power Darlington 
stabilizes the feedback loop, and a 2N2907 transistor 
serves as a coarse voltage clamp for the high-voltage 
output. The clamp allows you to establish a maximum 
output voltage level. 

To calibrate the voltage-reference circuit, you must 



LOW AND HIGH VOLTAGE RANGE ERRORS 


10V RANGE 


ZENER TEMPERATURE DRIFT: 5“C x 0.2 PPM/“C 
ZENER TIME DRIFT/YEAR 

Ai OP AMP Eos DRIFT: 0.5 mV/“C x 5“C x 1.4 = 3.5mV 
AiOPAMPEosTIMEDRIFT:1 YR =10mV/YR 
KVD: 2-PPM/°C RATIO SHIFT x 5“C 

TOTAL ERROR: OVER ± 5°C AND 1YR(FULLSCALE) 

(b) 



100 V RANGE 

= 1 PPM 

10V RANGE ERRORS 

= 25 PPM 

AjTIMEANDTEMPERATURE ERRORS 

= 0PPM 
= 0PPM 

TOTAL ERROR (FULL SCALE) 

= 10PPM 


= 36 PPM 



= 36 PPM 
= 0P^ 
= 36 PPM 


Fig 5—^An uttraprecise variable voltage reference (a) provides dual ranges: A 0 to 10V low-voltage span features 100 -\lV 
resolution, and a 0 to 100V high-voltage range furnishes 1-mV steps. The table (b) summarizes the circuit’s post-calibration errors. 
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Achieve dc accuracy and speed 
with a combination circuit 



first select Ai's input resistor. (For 0 to lOV low-voltage 
outputs, a 43-kn resistor proves best.) Then adjust the 
lOOn trim resistor for a lO.OOOOV low-voltage output 
with the KVD dials set to full scale. A/s low offset 
voltage eliminates the need for an offset trim. 

Next, set the high-voltage output range by choosing 
A 2 's input resistor; for 0 to lOOV high-voltage outputs, 
use a lO-kn unit. Now adjust the lOOfl high-voltage- 
trim resistor for a 100.00V output with the KVD set for 
full scale. Fig 5b summarizes the voltage reference's 
post-calibration errors. 

Low-drift bipolar op amps such as the LTlOOl and 
LT1002 can also improve the precision of high-speed, 
high-current circuits. Traditionally, precision circuits 
have sacrificed speed and output-drive capability in 
favor of dc accuracy. Most dc-stable circuits operate 
only at relatively low frequencies, and self-heating 
problems have limited precision-circuit output-current 
capabilities. Now, however, you can satisfy seemingly 
conflicting performance requirements with a precision 
high-speed op amp that provides lA output-drive 
capability, 350-nsec settling to 0.1% and 850-nsec 
settling to 0.01%. 

In this circuit (Fig 6a), an LTlOOl stabilizes a 
broadband stage; the composite amplifier exhibits the 



(b) 

Fig 6—Both high speed and dc accuracy result when a 
precision op amp stabilizes a high-frequency broadband 
amplifier. This circuit (a) features ±1A drive capability, 
8-MHz power bandwidth and 350-nsec settling to 0.1%. The 
scope trace (b) illustrates the amplifier’s 1000V/\xsec com¬ 
pensated slewing. 


TRACE 


VERTICAL 


A 

B 


2V/DIV 

2V/DIV 


HORIZONTAL 

10^SEC/DIV 

10^SEC/DIV 


144 


EDN JUNE 9, 1983 



















































































Decoupling capacitors 
complete the design 


op amp^s high accuracy and functions with the broad¬ 
band circuit's speed. The amplifier features a 1500V/ 
|xsec max slew rate, full-power output to 8 MHz and 
±10V drive into lOfl loads. Moreover, it offers ±1A 
short-circuit protection. 

To combine precision and high speed, the composite 
amplifier includes a feedforward path that routes 
high-frequency signals around the relatively slow 
LTIOOI. Low-frequency signals pass through the input 
op amp, though, so the overall circuit's dc characteris¬ 
tics depend only on the LTlOOl's performance. 

The discrete high-speed stage employs signal transis¬ 
tors with operating frequencies approaching 1 GHz; its 
output buffer comprises two npn RF power transistors 
arranged in a quasicomplementary output configura¬ 
tion. (High-speed pnp power transistors aren't current¬ 
ly available.) Transistors Qs and Qg limit short-circuit 
current by sensing voltage drops that develop across 
0.5n-resistor shunts. When they're turned on, the 
limiting transistors furnish degenerative feedback 
around the output stage, restricting output-current 
flow. 

To trim Fig 6a's circuit, adjust the 200n compensa¬ 
tion trimmers and the 15- to 60-|xF variable feedback 
capacitor for a tradeoff between slew rate and output 
settling. Fig 6b illustrates the amplifier's optimum 
response (trace B) to a fast input pulse (trace A). When 
properly trimmed, the circuit slews at 1000V/|jLsec, and 
its output appears clean to within the resolution of a 
275-MHz monitoring oscilloscope. For best results, 
construct this circuit using proven RF-layout tech¬ 
niques, and furnish ground planes and heat sinks for 
the 2N4440 transistors. EDN 
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Basic circuit-design techniques 
yield stable clock oscillators 

Almost all digital or communication systems require some 
form of clock source, and while generating accurate 
and stable clock signals is often a difficult 
design problem, it’s not impossible. 


Jim Williams, Linear Technology Corp 

All too often, designers consider clock-oscillator design 
to be some sort of black art—especially when it comes 
to crystal-based circuitry. This article proves that such 
designs are not necessarily so mysterious. By using 
good basic design techniques, you can readily generate 
clock sources for a variety of applications. Because 
quartz crystals are the basic building blocks for most 
clock sources, the discussion will start by highlighting 
several designs. 

There’s no black magic involved 

High-performance crystal-oscillator circuit design 
demands a variety of complex considerations and subtle 
implementation techniques. Nevertheless, most appli¬ 
cations don’t require this level of attention and are 
relatively easy to serve. In fact, crystal-based clock- 
circuit designs can be quite simple (Fig 1). 

The first four circuits ((a) through (d)) are commonly 
called gate oscillators. In (a), the 2-Mn resistor biases 
the CMOS Schmitt trigger into its linear operating 
region. The capacitor adds phase shift and the circuit 
oscillates at the crystal’s resonant frequency—100 kHz. 
Fig lb shows a similar design that oscillates at 1 MHz. 
The CMOS gate provides inverting gain with the 
capacitors supplying the additional phase shift to 
produce oscillation. Higher frequency operation re¬ 
quires a TTL gate for the gain element (Fig Ic). Note 


that because TTL elements have low input impedance, 
it’s no longer possible to use a single-resistor biasing 
scheme. In this case, the RC T-network establishes the 
gate’s bias point. In the oscillator circuit (Fig Id), the 
two linearly biased gates provide a 360° phase shift with 
the crystal providing the feedback path. The capacitor 
simply blocks dc in the gain path. 

Gate oscillators not perfect 

While gate oscillators are quite popular, they can 
cause problems ranging from temperamental operation 
to lack of oscillation. The gain elements are the primary 
problem source—it’s not possible to reliably identify 
the analog characteristics of digital gates. For example, 
there’s no guarantee that gates from various manufac¬ 
turers will produce the same results when plugged into 
the oscillator circuit. In other cases, the circuit will 
work but the status of other gates within the package 
will affect its performance. Finally, some circuits seem 
to favor certain gate locations within the IC package. 

Given these difficulties, gate oscillators are not the 
best possible choice in a production design. They 
deserve mention, however, because they do feature low 
component count and they can satisfy noncritical 
applications. 

Other routes to low parts count 

Not all single-stage oscillator circuits suffer such 
problems, however. Fig le illustrates a circuit design 


EDN AUGUST 18, 1983 


165 



Despite low parts count, 

gate oscillators are temperamental 


using discrete components. Contrasted against the 
IC-based oscillators, it provides a good example of the 
design flexibility and certainty available with compo¬ 
nents specified in the linear domain. 

This circuit will oscillate over a wide range of crystal 
frequencies—^typically 2 to 20 MHz. The 2.2k and 33k 
resistors combine with the diodes to develop a pseudo 
current source that supplies base current. At 25‘'C, 
base current equals 

(1.2V-VBE)/33k=18 |jlA. 

When the transistor saturates (Vce^O), oscillations 
will cease. Neglecting Vce SAT, saturation will occur 
when 

Ic SAT=5V/lk=5 mA. 

To develop this collector current with 18 (jlA of base 
drive, transistor dc beta must equal 
5 mA/18 ^lA=278. 

At 1 mA, beta spread for the 2N3904 specs at 70 to 210, 
so there’s no problem with saturation—even at supply 
voltages below 3V. 

In a similar fashion, you can calculate temperature 
effects. Over 25 to 70°C, Vbe will vary 


-2.2 mVrCx45°=-99 mV. 

The compliance voltage of the current source will shift 
2X-2.2 mV/"Cx45°C = -198 mV. 

Hence a first-order compensation occurs and total Vbe 
shift equals 

-198 mV-99 mV=-99 mV. 

This Vbe drift causes a shift in base current. At 25°C, 
lB=0.6V/33k=18 ^lA. 

At 70"C, 

lB=0.5V/33k=15 piA. 

This 3-(jlA drift (about 16%) compensates for the 
transistor’s hpE shift (about 20% from 25 to 70‘'C) with 
temperature. Thus, the circuit’s behavior over temper¬ 
ature is quite predictable. Nevertheless, because of 
resistor, diode and Vbe tolerances, only first-order 
temperature compensations for hFE and Vbe are appro¬ 
priate. 

Fig 2a shows another design approach. Here, the 
crystal is connected directly across the timing capacitor 
of a standard RC-comparator multivibrator circuit. 
Because the circuit’s free-running frequency is close to 
the crystal’s resonant frequency, the crystal steals 


100kHz 



(a) 


1 MHz 



(b) 


Ik Ik 



Ik 3k 



(d) 

ALL CRYSTALS ARE PARALLEL RESONANT AT-CUT TYPE 


5V 



Fig 1—While they feature design simplicity, the temperamental operation inherent in gate oscillators ((a)through (d)) makes them 
a poor choice for production designs. On the other hand, circuits based on discrete components (e) provide reliable operation from 
a small number of components. 
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energy from the RC, forcing it to run at the crystal's 
frequency. Crystal activity at the LM311's input is 
readily apparent in trace A of Fig 2b. 

In circuits of this type, it's important to ensure that 
enough current is available to start the crystal 
resonating quickly while still maintaining an appropri¬ 
ate RC time constant. ( Ed Note : The start-up resis¬ 
tance of crystals varies widely among manufacturers. 
Start-up resistance is normally higher than the crys- 
taVs series resistance and is usually not spec^d. 
Consult your crystal supplier about a low start-up- 
resistance crystal if your clock starts oscillating slowly 
or not at all.) Typically, you should set the free-running 
frequency 5 to 10% above crystal resonance and set the 
feedback resistor to allow about 100 |jlA of current flow 
in the capacitor-crystal network. Comparator delays 
restrict this circuit's useful operating range to a few 
hundred kHz. 

The circuits discussed to this point will typically 
feature temperature coefficients of 1 ppm/°C and 5- to 
10-ppm long-term (1 yr) stability. Higher stability is 
achievable with more attention to circuit design. 

Controlling temperature effects 

Fig 3 shows a Pierce-type oscillator circuit with the 
paralleled fixed and variable capacitors allowing fine 
frequency trimming. The 2N3904 provides 180° of 
phase shift, and the loop components provide the 
additional 180° necessary for oscillation. The LT1005 
voltage regulator and the LTlOOl op amp combine for 
precise servo control of the crystal's temperature. 

The LTlOOl extracts the differential bridge signal 
and drives the Darlington stage to power the heater, 
which is monitored by the thermistor, Rt. In practice, 
you should tightly couple the sensor and the heater. You 
should also select RC feedback-network values to 
optimize the thermal characteristics of the oven. In this 
case, oven construction employs a 3.0x 1.0x0.125-in. 
piece of aluminum tube stock. The heater windings are 
distributed around the cylinders and the assembly sits 
in a small insulating Dewar flask. This allows 75°C- 
setpoint (the zero TC or turnover temperature of the 
specified crystal) control of 0.05° over 0 to 70°C. 

The LT1005 regulator provides the source for the 
bridge from its auxiliary output and also disables 
system power until the crystal's temperature (and 
hence its frequency) stabilizes. When the power is first 
applied, the thermistor has high resistance and causes 
the LTlOOl to saturate positively. This turns on Q 2 
(which is configured to act like a zener diode) and that, 
in turn, biases Q 3 ON. Qs's collector current pulls the 
regulator's control pin low, disabling its output. WTien 
the oven arrives at its control point, the LTlOOl's 
output comes out of saturation and servo-controls the 


50k 



(a) 


1V/DIV 


5V/DIV 


(b) 


10/zSEC/DIV 



LM311 

INPUT 


LM311 

OUTPUT 


Fig 2—For low-frequency applications, you can use a 

standard RC comparator/multivibrator circuit (a) to deveiop a 
dean dock signai (b). Nevertheiess, because of comparator 
deiays, this type of circuit is not recommended for operation 
above a few hundred kHz. 


oven at a point well below Q 2 's zener value. This turns 
off Q3, enabling the regulator to supply power to the 
rest of the system. 

The oven approach is the most effective way of 
controlling temperature effects. For the crystal and 
circuit values shown, this clock will drift less than 
5 X 10“® over 0 to 70°C, with a time drift of 1 part in 10"® 
per week. Ovens do require substantial power and 
warm-up time, however, and this is unacceptable in 
some cases. 


Compensate for the problems 

You can also offset temperature effects by measuring 
the ambient temperature and inserting a scaled com¬ 
pensation factor into the crystal clock's frequency¬ 
trimming network. To take advantage of this open-loop 
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Mechanical and electrical factors 
affect resonator performance 


I Rt—YSI -i'44014 {35.39k at75 "C 

*—TRW MAR-6 

CRYSTAL—BLILEY #BG61 AH-5S; 5 MHz, 75 °C TURNING POINT 


5V MAIN 




Fig 3—The oven approach is the most effective way to minimize temperature-reiated clock-frequency drifts. This clock will drift 
less than 5x70“® over 0 to 70°C. 



Fig 4—As an alternative to oven control, this Colpitts-type crystal oscillator (a) uses a varactor diode to implement open-loop 
temperature compensation. As the results show (b), the technique works quite well. 
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correction technique, you must be able to match the 
clock frequency versus temperature characteristic—a 
parameter that is quite repeatable. 

Fig 4 shows a temperature-compensated crystal 
oscillator (TXCO),which uses a first-order linear fit for 
temperature compensation. The oscillator is a Colpitts 
type that approximates an emitter follower with a 
capacitively tapped tank network. The LM319 picks off 
the oscillator's output; the RC network at its inverting 
input provides a signal-adaptive trip threshold. 

The LT1005 regulator's auxiliary output buffers 
supply variations and the main-regulator output- 
control pin lets you shut down the system without 
removing power from the oscillator—a feature that 
improves overall circuit stability. The linear thermistor 
network in Ai's feedback loop senses the ambient 
temperature while A 2 handles scaling and offset 


functions. A 2 's voltage output also contains the ambi¬ 
ent-temperature information required for clock cbm- 
pensation. 

Correction is implemented by varying the bias of the 
varactor diode in series with the crystal, using the 
varactor's shift in capacitance to pull the crystal's 
frequency such that it cancels temperature-induced 
errors. If you keep the thermistor and the circuit at the 
same temperature, compensation is very effective (Fig 
4b). The uncompensated —40-ppm frequency shift is 
corrected to within 2 ppm. You can achieve better 
compensation by including second- and third- order 
terms in the temperature-to-voltage conversion to more 
accurately mirror the nonlinear frequency-drift charac¬ 
teristic. 

In a second varactor-based compensation scheme 
(Fig 5a), the circuit is configured to enable rather than 


24V 



-vW-O TUNING VOLTAGE O TO 10V 


-O OUT (20.0000 TO 20.0070 MHz) 


(a) 


100 mV/DIV 


(b) 



10 nSEC/DIV 


Fig 5—Configured to allow rather than oppose frequency 
shift, this voltage-controlled crystal oscillator (a) has a clean 
20-MHz sine-wave output (b). While the output does show a 
7 -kHz drift over the 10V tuning range (c), you can improve 
linearity by conditioning the varactor network’s response. 
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Crystal-based multivibrator clocks 
satisfy low-frequency needs 


oppose frequency shift. This voltage-controlled crystal 
oscillator (VXCO) has a clean 20-MHz sine-wave output 
(Fig 5b) suitable for communications applications. Over 
its 10V tuning range, the oscillator shows a 7-kHz shift 
from center frequency (Fig 5c). The nonlinear response 
is irrelevant in many applications (phase-locking or 
narrow-bandwidth-FM secure communications, for ex¬ 
ample), but you can achieve better linearity by 


conditioning the tuning voltage or the varactor net¬ 
work's response. 

In circuits of this type, iFs important to remember 
that the crystals Q limits the frequency pulling range. 
It is difficult to achieve a wide dynamic pull range 
without stopping the oscillator or forcing it into 
abnormal modes. Typical circuits like the one in Fig 5a 
offer pull ranges of several hundred ppm. You can 


68k 



(a) 


10V/DIV 

5V/DIV 


60 Hz INPUT 

CHARGING 

VOLTAGE 


5V/DIV 


OUTPUT 


(b) 


5 mV/DIV 



Fig 6—^Tuned to free run near 60 Hz, this synchronous clock (a) derives its noise-rejection capabilities from the RC network's 
integrator characteristics. Noise and fast spiking on the 60-Hz input (b)have little effect on the capacitor’s charging characteristics or 
the circuit’s output. 


5k 7.5k* 3k 




Fig 7—Using a diode bridge to provide a stable bipolar 
charging source for the RC network located at the amplifier’s 
inverting input (a), this clock circuit uses a resetting action to 
achieve synchronous operation. The synchronizing interval 
widens the output pulse width occasionally, but the distortion 
(b) is minimal. 
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Temperature-related output shifts 
are minimal with oven control 


realize larger pull ranges (2000 to 3000 ppm) without 
losing crystal lock, but the clock’s output-frequency 
stability suffers somewhat. 

Although crystal-based circuits are universally ap¬ 
plied, they cannot satisfy all clock requirements. As an 
example, many systems require a reliable 60-Hz 
synchronous clock. Some circuit solutions employ 
zero-crossing detectors or simple voltage-level detec¬ 
tors, but they have poor noise-rejection characteristics. 
There are better solutions. 

Handling adverse environments 

To develop a line-driven clock oscillator that accom¬ 
modates adverse conditions, the circuit design should 
take advantage of the narrow bandwidth of the 60-Hz 
fundamental. Even if hysteresis is applied, design 
approaches using wide gain bandwidth invite noise- 
related problems. Fig 6a shows a synchronous clock 
that will not lose lock under noisy line conditions. 

The basic RC multivibrator is tuned to free run near 
60 Hz, but the synchronizing input locks the oscillator 
to the line frequency. The RC network’s integrator 


characteristics provide the circuit’s noise-rejection 
performance (Fig 6b). Noise and fast spiking on the 
60-Hz input have little effect on the capacitor’s charging 
characteristics, and the circuit’s output is stable. 

In a second synchronous-clock circuit (Fig 7a), 
operation is the equivalent of a reset-stabilized dc 
amplifier. In this instance, the circuit free runs at a 
frequency that’s higher than the synchronizing input. 

The LM301 and its associated components form a 
stable oscillator. The LM329 bridge combines with the 
compensating diodes to provide a stable bipolar charg¬ 
ing source for the RC network at the 30rs inverting 
input. The LM311 comparator level-shifts the synchro¬ 
nizing pulse (trace A, Fig 7b) to drive the 2N4392 FET. 
When the sync pulse increases, it turns on the 2N4392, 
which grounds the capacitor (trace B, Fig 7b) and 
interrupts normal oscillator action for a small fraction 
of a cycle. When the sync pulse falls, the capacitor’s 
charge cycle (which has been reset to zero) starts again. 

This resetting action synchronizes the RC charging 
frequency. Occasionally, the synchronizing interval in 
this operation will slightly enlarge the output pulse 


About quartz crystals 

A quartz crystal’s equivalent cir¬ 
cuit (figure) is a series-paraliel 
combination of elements. Co de¬ 
fines the static capacitance pro¬ 
duced by the contact wires, the 
crystal electrodes and the crystal 
holder. In the motional arm (the 
RLC term), C equals the mechani¬ 
cal mass, R includes all electrical 
losses in the crystal and L repre¬ 
sents the reactive aspect of the 
quartz. 

The electrical characteristics of 
individual crystals will vary as a 
function of the angle of cut from 
the mother crystal. These cuts are 
chosen to optimize temperature 
coefficient, frequency range and 
other parameters. The basic AT 
cut, used in most crystals in the 1- 
to 150-MHz range, provides a 
good compromise between opti¬ 
mum temperature coefficient and 
frequency range. 

Mechanical and electrical fac¬ 
tors combine to affect resonator 


performance. Mechanical factors 
include the method of lead attach¬ 
ment, package-sealing method 
and internal environment (eg, vac¬ 
uum, partial pressure, etc). Elec¬ 
trical (circuit) considerations in¬ 
clude load capacitance, crystal 
resistance, drive level, tempera¬ 
ture coefficient/turning point and 
frequency tolerance. 

Load capacitance defines the 
reactance the crystal must pres¬ 
ent to the circuit. In some circuits, 
the crystal operates in the paral¬ 
lel-resonant mode where it looks 
inductive. In other cases, the cir¬ 
cuit operates at series resonance 
and the crystal appears resistive. 
In this mode, you must specify the 
circuit’s load capacitance (includ¬ 
ing all parasitics). Typical values 
for load capacitance are around 
30 pF. 

Drive level is critical since the 
crystal can dissipate only limited 
power (10 mW typ) and still main¬ 



tain all specifications. Excessive 
drive levels can fracture the crys¬ 
tal. 

The crystal’s temperature coef¬ 
ficient (TC) is usually specified 
near the turning point—^the tem¬ 
perature at which the crystal TC 
equals zero. Typically, the turning 
point is around 75°C and TC will 
be less than 1 ppm/°C over the 
operating range. Different cuts, 
however, can alter these numbers 
considerably. 

Frequency tolerance defines 
the deviation from ideal frequen¬ 
cy, when the crystal operates 
under specified circuit conditions 
at a defined temperature. Toler¬ 
ances range from 50 ppm to less 
than 1 ppm. 
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Crystal clocks are popular, 
but can’t serve all applications 



width (trace C, Fig 7b). Setting the potentiometer so 
that the sync pulse occurs when capacitor voltage is 
near zero will minimize output pulse-width deviation, 
and also provide maximum protection against lock loss 
due to RC drift over time and temperature. The 
maximum practical output-to-sync frequency ratio for 
this circuit is about 50. 

Pure RC oscillators represent a final class of clock 
circuits. While they lack the stable performance 
achievable with synchronized or crystal-based designs, 
these economical oscillators feature circuit simplicity 
and are used extensively in baud-rate generators. 

For maximum stability, an RC oscillator’s output 
frequency must be insensitive to drift in as many circuit 
elements as possible. The clock circuit of Fig 8 depends 
on the RC elements themselves for circuit stability. All 
other components contribute very low-order error 
terms—even for substantial shifts. 

The circuit is a standard comparator-multivibrator 
with paralleled CMOS inverters interposed between 
the LM311 comparator output and the feedback 
resistors. This scheme replaces the relatively large and 
unstable bipolar Vce saturation losses of the 311’s 
output with the superior ON characteristics of MOS. In 
addition to being low and resistive, the MOS switching 


losses tend to cancel. Paralleling the inverters also 
reduces errors to insignificant levels. 

With this arrangement, the capacitor’s charge and 
discharge time constant is almost totally immune to 
temperature and supply-voltage shifts. The 10k resis¬ 
tors don’t have to be precision types because their 
shifts will cancel. In addition, the symmetrical nature 
of the oscillator negates the effects of the comparator’s 
dc input errors. The RC network is the only significant 
error source left. 

The polystyrene capacitor’s nominal —120 ppm/°C 
temperature coefficient (TC) is partially offset by the 
specified resistor’s opposing positive TC. In practice 
you can only achieve a first-order compensation because 
no exact TC is available for the capadtor. 

Over 0 to 70°C, this circuit shows a 15 ppm/^'C TC and 
a power-supply rejection factor of less than 20 ppnvV. 
In contrast, a 555-based clock using the same compen¬ 
sating RC network shows 95 ppm/°C and 1050 ppmA^, 
respectively. At operating frequencies above 5 to 10 
kHz, circuit stability degrades because of comparator 
propagation delays. CDN 
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special circuit-desigh techniques 
enhance regulator performance 


Because of their simplicity and ease of application, 
3-terminal regulators are very popular. Nevertheless, 
some applications require special circuit-design 
techniques to enhance device performance. 


Jim Williams, Linear Technology Corp 

Three-terminal regulators provide an effective way of 
accommodating voltage control requirements. In most 
applications involving moderate output voltages and 
currents (5 to 50V at up to 5A), you can use them with 
no special design considerations. Nevertheless, what 
do you do if you need to control currents in the 8 to 12A 
range? What about regulating lOOV outputs? This 
article will provide the answers to these questions. The 
discussion will highlight some circuit-desigatechniques 
that enhance the performance of off-the-shelf regula¬ 
tors without degrading their parameters or increasing 
operational stresses. 

The circuit designs covered let you increase the 
current, voltage and power-output capabilities of 3- 
terminal regulators, allowing you to solve unique 
system design problems. A technique for improving a 
regulator's stability rounds out the discussion. Let’s 
start by featuring some designs that let you reliably 
increase a regulator’s output current. 

Tolerances complicate matters 

Extended output current probably ranks as the most 
common regulator modiiHcation. Conceptually, the sim¬ 
plest way to increase output current is to parallel two 
devices. In practice, though, regulator output-voltage 
tolerances can cause problems. There are ways to avoid 
these problems, however, and still get regulator output 
currents to add (Fig 1). 

This circuit capitalizes on the 1% output tolerance of 


the specified regulators (LM-type devices, with a 4% 
tolerance, will not work in this circuit). A single resis¬ 
tive divider provides the sense voltage for both regula¬ 
tors, and the low-valued resistors provide ballast to 
account for the small difference in regulator output 



Pig 1—^To realize trouble-free current summation, this 
network uses a single sense-vottage source for both 
regulators and ballast resistors to offset the slight difference 
in regulator output voltages. 
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Increase regulator capabilities 
without degrading performance 


voltages. Unfortunately, this added impedance de¬ 
grades overall circuit load regulation by a factor of ten 
(to about 1 %). 

There are ways to extend output-current capability 
without degrading load regulation (Fig 2a). Although 
somewhat complex, this circuit avoids the ballast- 
resistor problems and features a fast-acting logic- 
controlled shutdown function as well as adjustable 
current limiting. 

This network scheme extends the current capability 
of the LT1005 multi function regulator by a factor of 12 , 
while retaining its enable feature and auxiliary 5V 
output. The LT1005 servo controls booster transistor 
Qi; Q 2 senses the voltage across the 0.050 current-limit 
resistor. When the shunt voltage is high enough, it 
turns on Q 2 , which in turn biases Q 3 ON and shuts down 


the regulator by grounding its enable pin. The thermo¬ 
switch (mounted on Q/s heat sink for optimum perform¬ 
ance) disables the LT1005 to limit dissipation in Qi 
during prolonged short-circuit conditions. 

Quite often, boosted regulators of this type have 
insufficient dynamic damping. This improper loop com¬ 
pensation leads to large output transients as the load 
shifts. This is particularly true when the load drops 
out—because of Q/s voltage gain, output transients can 
approach the level of Vin. 

In Fig 2a, the 100-|jlF capacitor damps Q/s over¬ 
shoot tendency. The 250-|jlF capacitor maintains Q/s 
emitter at dc, while the 20(1 resistor provides turn-off 
bias. Although this is obviously a brute-force tech¬ 
nique, the compensation works well (Fig 2b). 

Normally, the regulator sees no load. A high level on 




0.05 


2N6387 



Fig 2—Offering a factor-of-12 improvement in output-current capabiiity, this network features adjustable current limiting (a). 
While the compensation technique uses brute force, it works quite well (b), O 4 speeds up regulator response to an enable command 
as can be seen in (c). 
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trace A, however, indicates that a 12A load is suddenly 
present across the output terminals (trace C). The 
regulator output voltage (trace B) recovers quickly 
with minor aberration. While the output capacitor 
helps stabilize the network, it prevents the regulator’s 
output from falling quickly when the enable comniand is 
activated. Since Qi cannot sink current, the capacitor’s 
discharge time is load limited. 

Q 4 corrects this problem even when there’s no load. 
When the enable line goes high (Fig 2c, trace A), Q 3 
comes on, cutting off the 1005 and forcing Qi off. 
Simultaneously, Q 4 comes on to rapidly pull down the 
regulator output (trace B) and sink the capacitor’s 
discharge current (trace C). If fast turn-off is unneces¬ 
sary, you can omit Q 4 . 

Modifying the output voltage 

Another area for regulator-performance enhance¬ 
ment involves the control of high output voltages. 
Theoretically, high voltages present no problems for 
the regulator because it has no ground pin. Normally, 
the regulator floats at the supply’s upper level—as long 
as you don’t exceed the maximum Vin-Vout differential, 
there are no problems. A short at the output, however, 
develops voltage levels that exceed this differential 
limit, thereby destroying the regulator. 

Fig 3 illustrates a complete high-voltage regulator 
circuit that accommodates lOOV at 100 mA and with¬ 
stands shorts to ground. Even at lOOV output levels. 


the LT317AT functions in its normal mode, maintaining 
1 . 2 V between the output and adjustment pins. Under 
these conditions, the 30V zener is off and Qi conducts. 
Should a short occur at the output, the zener conducts, 
forcing Qi’s base to 30V and clamping its emitter at 
Vz- 2 Vbe to maintain the regulator well within its 
Vin-Vout rating. 

Since Qi is a high-power device ( 12 W rating), it will 
sustain a 90V Vce at whatever current the transformer 
and regulator will supply. The transformer saturates at 
130 mA so Qi stays within its safe operating area. With 
Qi and the LT317AT thermally coupled, the regulator 
soon goes into thermal shutdown and oscillations com¬ 
mence. 

This action continues as long as the output remains 
shorted, protecting the regulator and the load. The 
500-pF capacitor combines with the 10ft/0.02-|xF damp¬ 
er network to augment transient response, while the 
diodes provide safe discharge paths for the capacitors. 

Handling high power outputs 

Power-dissipation control is another area where 
added circuitry can augment regulator performance. 
You can, of course, simply increase the size of the heat 
sink to offset dissipation problems, but this is an ineffi¬ 
cient approach. A better solution involves placing the 
regulator within a switched-mode loop that servo con¬ 
trols the voltage across the regulator. This allows the 
regulator to function normally, while the switched- 


IN4004 



Fig 3—Featuring immunity to output short circuits, this regulator circuit accommodates 100V at 100 mA. Even at 100V output 
levels, the LT317AT functions in its normal mode, maintaining 1.2V between the output and adjustment pins. 
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Improper loop compensation 
creates large output transients 


mode control minimizes its input/output voltage differ¬ 
ential—^regardless of line or load changes. Although it 
is not quite as efficient as the classical switching 
regulator, this approach offers lower noise performance 
and the fast transient response available with linear 
regulators. 

Fig 4a details a dc-driven version of the scheme. The 
LT350A functions in a conventional manner, supplying 
its rated 3A regulated output. The remaining compo¬ 
nents form the switched-mode dissipation limit control. 
This control loop forces the potential across the 
LT350A to equal Vz. When the regulator input (Fig 4b) 


decays far enough, the LMlll output goes low and 
turns on Qi, allowing input-current flow to charge the 
4500-|jlF capacitor and raise the regulator's input volt¬ 
age. When the regulator input rises high enough, the 
comparator output goes high, cutting off Qi and stop¬ 
ping the capacitor's charge cycle. 

The 1N4003 damps the current-limiting inductor's 
flyback spike. The LMlll's feedback network sets loop 
hysteresis at about 80 mV p-p; the 4.7k resistor ensures 
circuit startup. This free-running oscillation-control 
scheme substantially reduces regulator dissipation 
without degrading its performance. Even with load 


4.7k 



Fig 4—To offset dissipation problems, 

you can place the regulator within the 
$witched-mode loop (a) that servo 
controls the voltage across the regulator. 
When the regulator input decays far 
enough (b), the 4500-|xF capacitor 
charges to raise the regulator’s input 
voltage. 



A 100mV/DIV 
(AC COUPLED ON 
15.7V DC LEVEL) 

B 50V/DIV 
C 4A/DIV 
D 20DIV/DIV 


(b) 100/xSEC/DIV 
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shifts or changes in input or output conditions, the loop modate more sophisticated circuits (Fig 5a). This ac- 
always minimizes regulator dissipation. powered network provides a 0 to 35V, at 3A, regulated 

This dissipation-limiting technique will also accom- output under high-line/low-line conditions. Two SCRs 



100 

mA/DIV 
50V/DIV D 

10A/DIV E 


(a) 


RECTIFIED 
OUTPUT A 

OUTPUT 

T 2 PRIMARY 
CURRENT, 

Ci VOLTAGE 




100 mV/DIV{AC 
COUPLED ON 
35V OUTPUT) 


200V/DIV 


2'mSEC/DIV 

(b) 


Fig 5—^You can also use dissipation-limiting techniques to develop a circuit that provides a 35VI3A regulated output under 
high-How-Hne conditions (a). The capacitive feedback around Ai stabilizes the circuit without compromising the 350A’s transient 
response (c). 
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Switched-mode control scheme 
minimizes voltage differentials 


and a center-tapped transformer provide power to the 
LC network. Ti’s output is also diode rectified (Fig 5b), 
divided and used to reset the 0.1 -|jlF capacitor at 
comparator A 2 ’s output. 

A 3 compares the line-synchronous ramp at A 2 ’s out¬ 
put to the LMSOlA’s offset to develop an output at Ai; 
this represents the deviation from the zener-voltage 
level that the loop is trying to establish across the 
LT350A. When the ramp output exceeds the voltage 
level at As’s noninverting input, the comparator output 
goes low, dumping current through T 2 ’s primary. This 
fires the appropriate SCR and establishes a path for 
current to charge the 10,000-|xF capacitor. When the ac 
line drops low enough, the SCR commutates and charg¬ 
ing ceases. 

On the following half cycle, the alternate SCR fires to 
repeat the process. In this fashion, the loop controls the 



OUTPUT VOLTAGE 


Fig 6—Good efficiency is a key feature of the compensa¬ 
tion scheme employed in Fig 5. Static losses across the 
regulator and SCRs combine to reduce efficiency at low 
output voltages, but efficiency improves at higher outputs. 



Fig 7—To improve reguiator stability over time and 
temperature, Ai forces the adjustment pin to maintain the 
regulator output at 10V. 



Fig 8—^To eliminate troublesome voltage drops in supply 
lines, this regulator network remotely senses the feedback 
voltage right at the load. 


SCR’s firing phase angle to maintain the voltage across 
the LT350A at 3.7V (Vz). The 1.2V LT1004 at the 350A 
output permits you to set circuit output voltage down to 
zero; the 2N3904 clamp at Ai prevents loop hangup. 

Although Ai supplies an analog voltage, the ac-driven 
nature of the circuit forces it to approximate a 
smoothed, sampled-loop response. Conversely, the reg¬ 
ulator constitutes a true linear system. Because these 
two feedback systems are interdependent, compensa¬ 
tion can be difficult. The capacitive feedback around Ai 
keeps the loop gain’s frequency cutoff low enough to 
stabilize the circuit without compromising the 350A’s 
transient-response characteristic (Fig 5c). 

Trace A shows the output noise—^made up of residual 
120-Hz ripple plus regulator noise—^with the circuit 
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Remote-sensing techniques 
soive voltage-drop problems 


handling a 105W load (35V/3A). Note the absence of 
fast-switching transients and harmonics. Noise reflect¬ 
ed into the ac power line (trace B) is also negligible 
because the inductor limits current rise time to about 1 
msec—^much slower than normal switching supplies. 

This circuit will function over all line, load and 
output-voltage conditions with good efficiency (Fig 6). 
Efficiency suffers at low output voltages—where the 
static losses across the regulator and SCRs are signifi¬ 
cant—^but the method attains 85% efficiency at the 
higher output levels. 

Output stability can also be improved 

Power is not the only area where you can augment 
regulator performance. Fig 7 illustrates a method of 
improving a regulator’s output stability over time and 
temperature —a capability that’s most useful when 
you’re powering a transducer-based strain gauge. As 
shown, precision amplifier Ai compares a portion of the 
regulator’s output voltage to the 2.5V reference. Ai’s 


output forces the LT317A’s adjustment-pin voltage to 
whatever level is necessary to maintain the output at 
lOV. 

Ai contributes negligible error. The specified resis¬ 
tors track within 5 ppm/°C, and the reference contrib¬ 
utes about 20 ppm/°C. This scheme in no way compro¬ 
mises the regulator’s short-circuit or thermal- 
overload-protection specifications. 

The circuitry in Fig 8 allows a regulator to remotely 
sense the feedback voltage, thereby eliminating volt- 
age-drop effects in the supply lines. Such drops are of 
major concern in applications involving the transmis¬ 
sion of high currents over relatively long supply rails or 
pc-board traces. 

Functionally, the circuit uses Ai to sense the voltage 
directly at the load. The output of Ai and the regula¬ 
tor’s output add together—^this sum in turn modifies 
the adjustment-pin voltage to compensate for the volt¬ 
age lost across Rdrop- The feedback divider returns 
from the load through a separate lead to complete the 



Fig 9—To accommodate multiple inputs, th/s network (a) automatically cuts regulator drive in half for 220V inputs to maintain a safe 
dissipation level. The switch to center-tapped drive occurs midway between 110 and 220V (b). 
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Center-tap drive network 
handles multiple input signals 


remote-sensing scheme. The 5-|jlF capacitor serves as a 
noise filter; the 1-kfl resistor limits bypass-capacitor 
discharge when you turn off the power. 

A final circuit (Fig 9a) lets you run regulator- 
powered circuitry from 110 or 220V ac without having 
to switch transformer windings. Best of all, regulator 
dissipation does not increase operating from 220V ac. 

When the transformer is driven from llOV ac, the 
LM311 output goes high, allowing the 1.2-kfi resistor 
to supply gate bias for the SCR (the 1N4002 is off). The 
SCR rectifies the transformer output and the regulator 
sees about 8,5V at its input. A 220V ac source at the 
transformer input drives the LMSll^s inverting input 
beyond 2.5V and clamps its output low. This steers the 
SCR's gate bias to ground through the SlTs output 
transistor (the 1N4148 diodes in the LM311's output 
line prevent reverse voltages from reaching the SCR or 
the 311 output). With the SCR now off, the 1N4002 
delivers current to the regulator from the transform¬ 
ers center tap. 

Although the transformer input voltage has doubled, 
output potential is halved and the regulator's power 
dissipation stays the same. The line-input versus regu¬ 
lator-input voltage transfer function (Fig 9b) illustrates 
circuit performance. The switch to center-tap drive 
occurs midway between 110 and 220V ac. The desirable 
hysteresis is a function of the transformer’s output- 
voltage shifts caused by the step change in loading.EDN 
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Take advantage of thermal effects 
to solve circuit-design problems 


Tou probably consider thermal effects in circuits your enemy, 
but they can prove usejul in many design situations. 


Jim Williams, Linear Technology Corp 


The direct relationship between temperature and elec¬ 
tronic-device failure is the source of more design head¬ 
aches than any other single consideration. But instead 
of trying to eliminate or compensate for thermal para- 
sitics in circuits, you can use them to achieve novel 
solutions to measurement and control problems, 

A look at a temperature-control loop illustrates the 


techniques involved, and familiarity with some of these 
techniques can help you apply them in less obvious but 
equally useful ways. 

Fig 1 shows a precision temperature controller for a 
small components’ oven. When power is applied to the 
circuit, the thermistor—a negative-temperature- 
coefficient device—exhibits a resistance that’s high 
enough to saturate amplifier Ai’s output positive. This 
forces the LT3525 switching regulator’s output (pin 13) 
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RC networks model 
a thermal control loop 


Low, biasing Qi On. As the 20n heater warms, the 
thermistor^s resistance decreases, reducing the voltage 
at Ai's positive input. When that voltage decreases to 
the inverting input^s level, Ai comes out of saturation, 
and the LT3525 pulse-width modulates the heater via 
Qi, completing a feedback path. Because the heater 
voltage^s modulation rate is much higher than the 
thermal loop^s response, the oven maintains an even, 
continuous heat flow. 

To achieve such high-performance control, you must 
match Ai's gain-bandwidth product (GBW) to the re¬ 
quirements of thermal-feedback path. Theoretically, 
achieving this match should be a simple matter using 
conventional servo-feedback techniques. But practical¬ 
ly, the long time constants and thermal delays inherent 
in thermal systems present a challenge, and thermal- 
control systems often demonstrate the unfortunate 
relationship between servo systems and oscillators. 

Modeling the thermal loop 

A thermal-control loop can be simplistically modeled 
as a network of resistors representing thermal resist¬ 
ance and capacitors representing thermal capacitance. 
Fig 2 models a heater, sensor and heater/sensor inter¬ 
face, each of which has an RC factor that contributes to 


the lumped delay in a thermal system’s ability to 
respond. To prevent oscillation, Ai’s GBW must be 
limited to accoufit for this delay, although high control 
performance dictates that Ai’s GBW be large. Thus, the 
delays must be minimized. 

The delay associated with the heater itself depends to 
some extent on the size of the heater, and placing the 


HEATER-SENSOR INTERFACE 


T“ 

I r 


TEMPERATURE REFERENCE (CAN BE A 
RESISTANCE, VOLTAGE OR CURRENT 
CORRESPONDING TO TEMPERATURE) 

Fig 2—Resistor-capacitor networks can model a heater 

and a sensor as well as the heater/sensor interface. 


0.5V/DIV 


1 


5 SEC/DIV 



0-5V/D(V 



0.5 SEC/DIV 


Fig 3—A step input to Fig 1's circuit can resuit in underdamped (a), overdamped (b) or critically damped (c) responses. The 
critically damped performance results from the component values shown in Fig t. 
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sensor in intimate contact with the heater reduces the 
heater-sensor-interface time constant. To minimize the 
sensor’s RC product, you should select a sensor whose 
size is relatively small compared to the capacity of its 
thermal environment. Clearly, for an oven with 6-in.- 
thick aluminum walls, you don’t have to use the small¬ 
est sensor available. Conversely, for controlling the 
temperature of a Vis-in.-thick glass microscope slide, a 
very small (ie, fast) sensor is in order. 

After minimizing thermal time constants, your next 
step is to choose insulation, which keeps the heat-loss 
rate down so that the temperature-control system can 


remains at a significant level for more than 50 sec. The 
ringing eventually dies out making the loop conditional¬ 
ly stable. A further increase in Ai’s GBW would result 
in continuous oscillation. Fig 3b illustrates the effect of 
reducing GBW. Settling time is much faster and more 
controlled. The waveform is overdamped, indicating 
that a higher GBW can be achieved without compromis¬ 
ing stability. 

Fig 3c shows the response for the component values 
shown in Fig 1, and it illustrates a nearly ideal critically 
damped recovery. Settling occurs within 4 sec. An oven 
so optimized can easily attenuate external temperature 


keep up with the losses. For any given system, increas¬ 
ing the ratio between heater and sensor time constants 
and the insulation time constants betters performance. 

Optimizing the loop 

After attending to these thermal considerations, you 
can optimize the loop’s GBW. Fig 3 shows the effects of 
different compensation values at Ai. To fine tune the 
compensation, you can alter the temperature set-point 
in small steps and observe the loop response at Ai’s 
output. In Fig 1, the 500 resistor and switch in the 
bridge’s thermistor leg simulate a O.OrC step. 

Fig 3a shows the effects of too much gain bandwidth 
—the step input forces a damped ringing response that 
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Fig 5—^The small die size of Fig 4’s transistor array allows a 
quick, clean response. Settling time in response to a full- 
scale step input is 250 msec. 
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Fig 4—Logarithmic signal conditioning allows this circuit based on a PIN photodiode to measure light levels over a 100-dB range. 
The circuit precisely controls the temperature of O 4 , the logging transistor. 
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Logarithmic amplifiers 
are temperature sensitive 


shifts by a factor of thousands without overshoots or 
excessive lag. 

With this background in the basics of thermal-loop 
operation, consider some practical applications for tem¬ 
perature control. PIN photodiodes, for example, often 
serve in photometric circuits. The photodiode in Fig 4, 
for instance, responds linearly to light intensity over a 
100-dB range, and digitizing this diode's linearly ampli¬ 
fied output would require an A/D converter with 17-bit 
resolution. Using signal-conditioning circuitry to loga¬ 
rithmically compress the diode's output eliminates this 
resolution requirement, but it involves using logarith¬ 
mic amplifiers, which depend on a transistor's Vbe vs 
collector-current relationship. 

This characteristic is highly temperature sensitive 
and often requires special components and layout con¬ 
siderations to achieve good results. Using temperature- 
control techniques, however, Fig4's circuit logarithmic¬ 
ally signal conditions the photodiode's output and re¬ 
quires no special components or layout. 

In Fig 4, Ai and Q 4 convert the diode's photocurrent 
to a voltage output with a logarithmic transfer function. 
A 2 provides offset and additional gain. A 3 and its 
associated components form a temperature-control loop 


that maintains Q 4 at a constant temperature. (All 
transistors in this circuit are part of a CA3096 monolith¬ 
ic array.) The 0.033-jxF at As's compensation pins gives 
good loop damping if the circuit is built using the array 
transistors as shown—^this configuration achieves opti¬ 
mal temperature control at Q 4 , the logging transistor. 
Because of the array die's small size, response is quick 


^ -4 IN.-^ 



Fig 7-—Sandwiching two thermistors between Styrofoam 
blocks provides them with an isothermal environment. Coil¬ 
ing the thermistor leads attenuates heat-pipe effects to the 
outside ambient temperature. 
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Fig 6 Achieving a 50-MHz bandwidth and 2% accuracy, this circuit measures the dc heating power of an input waveform. Crest 
factors as high as 100:1 contribute less than 0.1% additional error. 
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and clean. Settling time in response to a full-scale step 
(Fig 5) is only 260 msec. 

To use this circuit, first set the thermal-control loop 
by grounding Qs’s base and adjusting the 2-kCl pot so 
that Aa’s - input voltage is 55 mV higher than its + 
input voltage. That adjustment places the servo's set 
point at about 50°C, corresponding to a 25°C rise (2.2 


F 



r Fig 9-To measure a fluid’s flow rate, Fig 8's circuit depends 
t on a heater to induce a temperature change in the fluid. 

Sensors on either side of the heater measure the induced 
I change. 


mV/°Cx25''C=55 mV) above a 25''C ambient tempera¬ 
ture. To complete this first step, remove the ground 
from Qs's base and the array will come to temperature. 

Next, place the photodiode in a completely dark 
environment and adjust the 60-kfi dark-trim pot so that 
A 2 's output is OV. Finally, either apply or electrically 
simulate (according to Fig 4's response-data chart) a 
light level corresponding to 1 mW and adjust the l-MH 
full-scale-trim pot for a lOV A 2 output. Once adjusted, 
the circuit responds logarithmically to light inputs from 
10 nW to 1 mW with accuracy limited by the diode's 1% 
error. 

Thermal rms/dc converter 

A thermal rms/dc converter demonstrates another 
application for temperature control. Conversion of ac 
waveforms to their equivalent dc-power value is usually 
accomplished by rectifying and averaging or by analog 
computing methods. Rectification and averaging, how¬ 
ever, work only for sinusoidal inputs. Moreover, analog 
computing methods generally aren't suitable at fre¬ 
quencies above 500 kHz, and crest factors greater than 
10 can cause significant reading errors. 

Overcoming these drawbacks, Fig 6's circuit 
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*'SUPPLIED WITH THERMISTOR 
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Fig 8—Overcoming the drawbacks of mechanical transducers, this thermally based flow-meter circuit generates an output 
whose frequency Is proportional to flow rates as low as 1 ml/mln. 
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Fig lO—The temperature difference detected by Fig 8 ’s sensors is inversely proportional to flow rate. Amplifiers A 3 and A 4 in Fig 8 
linearize this relationship. 
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Fig 11—A lamp with its glass envelope removed serves as the basis for a thermally based anemometer. The lamp’s filament 
should be oriented 90° to the airflow direction. 
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Thermal rms/dc converter 
tolerates 100:1 crest factors 


achieves ’wide bandwidth and high crest-factor per¬ 
formance by directly measuring the dc heating power of 
the input waveform. Using thermal techniques to inte¬ 
grate the input waveform, it achieves a 50-MHz band¬ 
width with 2% accuracy. And because the thermal 
integrator's output is a low-frequency signal, the circuit 
uses standard components and requires no special trim¬ 
ming techniques. 

The circuit works by measuring the amount of heat 
required to maintain two similar but thermally decou¬ 
pled masses at the same temperature. The input signal 
is applied to Ti, a dual-thermistor bead. The power 
dissipated in one leg of this bead (T^) forces the other 
l^g (Tib) to shift down in value, unbalancing the bridge 
completed by the other bead and the 90-kn resistors. 
The A1-A2-A3 combination amplifies this imbalance, and 
As's output, applied to T 2 A, heats T 2 A causing T 2 B to 
decay in value. As T 2 b's resistance drops, the bridge 
balances, and As's output adjusts the drive to T 2 A to 
maintain Tib and T 2 B at equal values. 

Under this condition, the T 2 A voltage should equal the 
rms value of the circuit's input, although in fact slight 
mass imbalances between Ti and T 2 contribute a gain 
error, which A 4 corrects. RC filters at Ai and A 2 and the 
0.01-|jlF capacitor eliminate possible high-frequency 


error due to capacitive coupling between Tia and Tib. 
The diode in As's output line prevents latchup. 

Fig 7 details the thermistor's recommended thermal 
arrangement. The Styrofoam blocks provide an isother¬ 
mal environment, and coiling the thermistor leads 
attenuates' heat-pipe effects to the outside ambient 
temperature. The 2-in. distance between the devices 
allows them to see identical thermal conditions without 
interacting. 

To calibrate this circuit, apply lOV dc to the input and 
adjust the full-scale-trim pot for a lOV output at A 4 . 
Accuracy remains within 2% from dc to 60 MHz for 
inputs from 300 mV to lOV. Crest factors as high as 
100:1 contribute less than 0 . 1 % additional error, and 
response time to within rated accuracy equals 6 sec. 

Low flow-rate thermal flow meter 

Another application for thermal-control techniques 
involves measuring low fluid flow rates, a task often 
fraught with difficulty. Paddlewheel and hinged-vane- 
type transducers, for example, have low, inaccurate 
outputs at low flow rates, and such transduction tech¬ 
niques become mechanically impractical for small- 
diameter tubing, such as that used in medical or bio¬ 
chemical work. 
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Fig 12—The positive temperature coefficient of lamp filaments can be used to control an oscillator’s gain, thus ensuring that 
oscillation will occur but preventing saturation limiting. The circuit regulates gain to within 0.25 dB over a 20-Hz to 20-kHz range. 
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Thermal technique allows low 
flow-rate measurements 


Fig 8 illustrates a convenient alternative technique; 
it generates an output whose frequency is a linear 
function of flow rate, and it achieves high accuracy at 
flow rates as low as 1 nol/min. 

This circuit operates by measuring the differential 
temperature between two sensors arranged as shown in 
Fig 9. One sensor, Ti, measures the fluid's temperature 
before the fluid is heated by Fig 8's 150 heater. The 
second sensor, T2, measures the temperature rise in¬ 
duced into the fluid by the heater. The sensors' differ¬ 
ence signal appears at Ai's output and is amplified by 
A2, whose time constant is set via the 10-Mfl pot. 

Fig 10 shows A2 's output vs flow rate—an inverse 
relationship. A3 and A4 linearize this relationship while 
providing a frequency output. A 3 functions as an inte¬ 
grator biased by the LT1004 diode and 383-kO input 
resistor; its output is compared with A2's output at A4. 
Large inputs from A2 force the integrator to run for a 
long time before A4 can go high, turning Qi On and 
resetting A3. For small inputs from A2, A3 does not have 
to integrate very long before resetting action occurs. 
Thus, the configuration oscillates at a frequency in¬ 
versely proportional to A2's output voltage, yielding a 
frequency that linearly corresponds to flow rate. 

This circuit requires attention to several thermal 
considerations. First, the amount of power dissipated 
into the fluid stream should be constant to maintain 
calibration. Ideally, you could measure the volt-ampere 
product at the heater resistor and construct a control 
loop to maintain constant dissipation. However, the 
resistor specified in Fig 8 has a sufficiently small drift 
with temperature that you can assume constant dissipa¬ 
tion with a fixed-voltage drive. 

In addition, the fluid's specific heat affects calibra- 
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Fig 13—At a lO-kHz output, the circuit in Fig 12 exhibits less 
than 0.003% harmonic distortion. Most of this distortion is 
due to second-harmonic content, though some crossover 
disturbance is aiso noticeabie. 


tion. Fig lO’s curves illustrate circuit performance for 
distilled water. To calibrate this circuit, set the flow 
rate to 10 ml/min and adjust the flow-calibration-trim 
pot for a 10-Hz output. The response-time adjustment 
allows you to filter out flow aberrations due to mechani¬ 
cal limitations in the pump driving the system. 

A thermally based anemometer 

Fig 11 shows another thermally based flow meter, 
but this design measures air or gas flow. It operates by 
measuring the energy required to maintain a heated 
resistance wire at a constant temperature. A type 328 
lamp makes a good sensor for such a circuit because of 
the lamp's positive temperature coefficient and ready 
availability. The lamp is modified for this circuit by 
removal of its glass envelope. 

The lamp forms one leg of a bridge, which amplifier 
Ai monitors. Qi then current amplifies Ai's output and 
drives the bridge. The 500-pF and 0.01-p.F capacitors 
and the 22011 resistor ensure stability. 

When power is applied to this circuit, the lamp’s 
resistance is low, and Qi tries to turn full On. As 
current flows through the lamp its temperature quickly 
rises, forcing its resistance to increase, raising the 
voltage at Ai's minus (-) input, Qi's emitter voltage 
then reduces, and the circuit finds a stable operating 
point. To keep the bridge balanced, Ai attempts to force 
the lamp's resistance—and hence its temperature—^to 
remain constant. 



20 260 2000 20,000 
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Fig 14—At low frequencies, the Fig 12 circuit's distortion 
increases. Achieving better distortion performance at the 
expense of reduced output ampiitude, a low-frequency 
mode makes use of four lamps to increase the thermal time 
constant. 
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A lamp filament can serve 
as an anemometer 


The lO-kfl and 2-kfi bridge resistance values allow 
the lamp to operate just below the point of incandes¬ 
cence—a temperature sufficiently high to minimize the 
effect of ambient temperature shifts on circuit opera¬ 
tion. Under these conditions, the only physical parame¬ 
ter that can influence the lamp^s temperature is a 
change in the dissipation characteristic, and airflow 
provides such a change. Air moving past the lamp tends 
to cool it, and Qi's emitter voltage must therefore 
increase to raise the lamp's temperature back up to its 
normal operating point. Qi's emitter voltage is thus 
nonlinearly but predictably related to the airflow rate. 
A 2 , A^ and the array transistors form a circuit that 
squares and amplifies Q/s emitter voltage to yield a 
linear, calibrated output vs airflow rate. 

To use the circuit, place the lamp in the airflow so its 
filament is at a 90° angle to the flow direction. Next, 
either shut off the flow or shield the lamp from it and 
adjust the zero-flow pot for a OV circuit output. Then, 
expose the lamp to a 1000-fpm airflow and adjust the 
full-flow pot for a lOV output. These adjustments 
influence each other and must be repeated until both 
end points are at the correct level. When adjustment is 
completed, the circuit is accurate to within 3% over the 
0 - to 1000-fpm range. 

A thermally stabilized oscillator 

Fig 12 employs the positive temperature coefficient 
of lamp filaments in a modem adaptation of a classic 
circuit. In any oscillator, it is necessary to control gain, 
as well as phase shift, at the frequency of interest. If 
gain is too low, oscillation won't occur, and too much 
gain can cause saturation limiting. 

The circuit in Fig 12 uses a variable Wien bridge to 
provide frequency tuning from 20 Hz to 20 kHz. The 
lamps' positive temperature coefficients furnish the 
gain control. When power is first applied in the normal 
mode, lamp Li's resistance is low; thus gain is high, and 
the oscillation amplitude builds. As amplitude builds, 
though, the lamp current increases, causing heating 
and an increase in resistance. This resistance increase 
in turn reduces amplifier gain, and the circuit finds a 
stable operating point. The lamp's gain-regulating be¬ 
havior is flat within 0.25 dB over the circuit's 20-Hz to 
20-kHz range. Fig 13's top trace shows circuit operation 
at 10 kHz. 

The lower trace in Fig 13 shows harmonic distortion, 
which is less than 0.003%. The distortion is primarily 
due to second-harmonic content, and some crossover 
disturbance is also noticeable. The low resistance val¬ 
ues in the Wien network and the LT1037's 3.8-nV/VIIz 
noise spec eliminate amplifier noise as an error term. 

At low frequencies, the thermal time constant of the 
small Li lamp begins to introduce distortion levels 


higher than 0.01%. Such distortion is due to hunting as 
the oscillator's frequency nears a level corresponding to 
the lamp's theimaal time constant. Switching to the 
low-frequency, low-distortion mode eliminates this ef¬ 
fect at the expense of reduced output amplitude and 
longer amplitude settling time. This mode employs four 
larger lamps to provide a longer thermal time constant. 
Fig 14 illustrates the performance of both modes. EDN 
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Monolithic power-buffer IC 
drives difficult loads 

A highspeed monolithic buffer amplifier simplifies the driving 
of analog signals into nonlinear or reactive loads. Moreover, 
the IC’s self-protection features cover a variety of 
possible output fault conditions. 


Jim Williams, Linear Technology Corp 


A frequent system requirement involves driving analog 
signals into nonlinear or reactive loads. Some examples 
of such difficult loads are cables, transformers, motors 
and sample/hold circuits. Although several power-buff¬ 
er ICs are available, there are none optimized for 
driving problem loads. 

The Model LTlOlO power-buffer IC, on the other 
hand, can isolate and drive almost any reactive load. 
What’s more, the device includes current-limiting and 
thermal-overload protection, guarding the IC against 
fault conditions. The combination of high speed, output 
protection and reactive-load-driving capability (see 
box, “Physiology of the LTlOlO”) make the device 
useful in a variety of practical situations. 

Fig la shows the LTlOlO inserted in an operational 
amplifier’s feedback loop. At low frequencies, the buff¬ 


er is effectively within the feedback loop; its offset 
voltage and gain error are negligible. At higher fre¬ 
quencies, however, feedback occurs through Cp. There¬ 
fore, the phase shift resulting from load capacitance 
acting in combination with the buffer’s output resist¬ 
ance doesn’t produce loop instability. 

Fig lb illustrates circuit performance when the LTlOlO 
drives a 500, 0.33-|xF load. Even if you increase the 
load to a brutal 2 |xF, the circuit is still stable, as borne 
out by trace A in (c). Trace B, however, shows that the 
large capacitance requires substantial current from the 
buffer. Note also that you can obtain improved damping 
by adjusting the RfCf time constant. Though this 
circuit is quite useful, its speed is limited by that of the 
op amp. 

There are ways to overcome the op-amp limitation 
while maintaining good dc characteristics. In Fig 2a, 
the LTlOlO combines with a wideband gain stage (Qi 
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Fig 1—Inserted in a feedback loop, the LT1010 effectively isolates an operational amplifier from highly capacitive loads. The photos 
s/?ow the circuit’s response with a 0.33-\xF (b) and a 2-\xF (c) load. 
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Amplifier scoffs 
at reactive loads 


(a) 



Physiology of the LT1010 

Bob Widlar, Linear Technology Corp 

The schematic diagram in the fig- c 
ure shows the basic elements of It 
the LT1010 buffer’s design. The 
op amp drives the output sink n 
transistor Q 3 so that the output n 
follower’s collector current never s 

drops below the quiescent current tt 

(determined by the area ratio of D, n 
and D 2 ). As a result, the high- V 
frequency response is essentially n 
that of a simple follower, even is 
when Q 3 is supplying the load Ic 
current. The internal feedback e 
loop is isolated from the effects of p 


capacitive loading in the output 
lead. 

The scheme is not perfect; the 
rate of rise for sinking current is 
noticeably lower than that for 
sourcing current. You can mitigate 
this difference by connecting a 
resistor from the bias terminal to 
V*", thereby raising quiescent cur¬ 
rent. One of the design’s features 
is that the output resistance is 
largely independent of the follow¬ 
er’s quiescent current or the out¬ 
put load current. Also, the output 


can swing to the negative rail, a 
particularly useful feature for sin¬ 
gle-supply operation. 

As far as stability is concerned, 
the buffer is no more sensitive to 
supply bypassing than slower op 
amps. The 0 . 01 -|jiF ceramic ca¬ 
pacitors usually recommended for 
op amps are adequate for low- 
frequency work. As always, it’s 
prudent to keep capacitor leads 
short and to use a ground plane, 
especially when operating at high 
frequencies. 


+ POWER 


INPUT 



BIAS (20nTO + POWER 

INCREASES NEGATIVE 
SLEW RATE WHILE 
RAISING QUIESCENT 
CURRENT TO =40mA) 


-POWER 


(a) 


SPECS; 

• 15-MHz BANDWIDTH 

• 100V/|iSEC SLEW RATE 

• DRIVES ± 10V INTO 75Q 

• S-mA QUIESCENT CURRENT 

• DRIVES CAPACITIVE 
LOADS >1 [iF 

• CURRENT/THERMAL LIMIT 

• 4.5 TO 40V SUPPLY RANGE 



Featuring a bias pin to optimize negative slewing, the LT1010 offers high speed and the capability to drive highly reactive loads. 
The device is available in a TO-39 package or the heftier TO-3 package. 
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Fig 2—Faster than monolithic-op-amp configurations, 

this discrete circuit offers good dc and high-speed charac¬ 
teristics. The configuration, a iow-distortion, unity-gain invert¬ 
ing ampiifier, is similar in poncept to Fig 1's circuit. 


through Qs) to form a fast inverting configuration. The 
LTlOlO dc-stabilizes the gain stage by biasing Q 2 and Qs 
emitters to force a OV dc potential at the circuit’s 
summing junction. 

The frequency rolloffs of the fast stage and the op 
amp are the optimum values to provide smooth overall 
circuit response. A higher speed is possible because the 
circuit’s dc-stabilization path is in parallel with the 
buffer. Even when this circuit drives a heavy 600n/ 
2600-pF load, as Fig 2b illustrates, the output (trace B) 
faithfully follows the input (trace A). 

Amplifier drives video lines 

In many cases, dc stability is unimportant in applica¬ 
tions requiring ac gain. Fig 3a shows how to combine 
the LTlOlO’s load-handling capability with a fast dis¬ 
crete gain stage. Qi and Q 2 form a differential stage that 
drives the buffer IC in single-ended fashion. The capaci- 
tively terminated feedback divider establishes unity dc 
gain for the circuit while allowing ac gains as high as 10. 


Inadequate supply bypassing 
can compromise the buffer’s slew 
rate. With output current slewing 
much faster than 100 mA/psec, 
the use of 10-|xF soiid-tantalum 
capacitors is a good practice, al¬ 
though in some appiications by¬ 
passing from the positive to the 
negative suppiy will suffice. 

When used in conjunction with 
an op amp and heavy resistive or 
capacitive ioads, the buffer can 
couple into supply leads that are 
common to the op amp, thereby 
causing stabiiity problems with the 
overall loop. The 10-p,F tantalum 
capacitors can usually provide ad¬ 
equate bypassing in these situa¬ 
tions. Another solution is to use 
smaller capacitors in conjunction 
with series decoupling resistors. 
Finally, note that some op amps 
have much better high-frequency 
rejection for one supply than for 
the other, so bypassing require¬ 
ments are less stringent for this 
supply. 

In many applications, the 
LT1010 requires heat-sinking. 


Thermal resistance from junction 
to still air is 150°C/W for the TO-39 
package, 60°C/W for the TO-3 
package. Circulating air, use of a 
heat sink or mounting of the TO-3 
package to a pc board reduces 
thermal resistance. In dc circuits, 
it’s easy to compute the buffer’s 
dissipation. On the other hand, in 
ac circuits the signal waveshape 
and the nature of the load deter¬ 
mine dissipation. For example, 
with reactive loads, peak dissipa¬ 
tion can be several times the aver¬ 
age value. It’s particularly impor¬ 
tant to determine dissipation when 
driving large-load capacitances. 

The LT1010 has both instanta¬ 
neous current limiting and ther¬ 
mal-overload protection. The de¬ 
vice doesn’t use foldback limiting, 
and so allows the buffer to drive 
complex loads without limiting. 
Because of this feature, it’s capa¬ 
ble of dissipating power in excess 
of its continuous ratings. 

Usually the thermal-overload 
protection limits the dissipation 
and prevents damage. However, 


with voltages higher than 30V 
across the conducting output tran¬ 
sistor, the thermal limiting isn’t fast 
enough to ensure protection. As 
long as the load current is limited 
to 150 mA, however, the thermal 
protection is effective with voltag¬ 
es to 40V across the conducting 
output transistor. 

When driving capacitive loads, 
the LT1010 prefers to be driven 
from a low source impedance at 
high frequencies. Some low- 
power op amps are marginal in 
this respect. You might need to 
take some care to avoid oscilla¬ 
tions, especially at low tempera¬ 
tures. Bypassing the buffer’s input 
with 200 pF min solves the prob¬ 
lem. Raising the IC’s operating 
current is also effective, but this is 
only feasible with the TO-3- 
packaged version. 

Bob Widlar is a design engineer 
for the Milpitas, CA-based compa¬ 
ny. For more information on the 
LT1010, Circle No 725. 
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Feedback buffer 
isolates op amp 




Fig 3—Suitable for video applications, these circuits provide standard 1Vp-p composite-video signals into 75 ft lines. The circuit in 
(a) provides variable gain. The one in (b) allows you to drive multiple video lines. 


Using a 20 il bias resistor, the circuit delivers IV p-p 
into a typical 7511 video load. For applications sensitive 
to National Television Systems Committee (NTSC) 
requirements, reducing the bias resistor's value aids 
performance. For a gain of 2, the response is flat within 
±0.5 dB to 10 MHz; the -3-dB point occurs at 16 MHz. 
At a gain of 10, the gain is flat within ±0.5 dB to 4 MHz; 
the -3-dB point is at 8 MHz. For best performance, 
optimize the peaking adjustment under loaded-output 
conditions. 

Fig 3b shows a video-distribution amplifier. In this 
example, the resistors in series with the outputs serve 


to reduce reflections from unterminated lines. If you 
know the lines' characteristics, you can tailor the resis¬ 
tor values accordingly. The 311 bias resistors provide a 
minor boost characteristic that helps the circuit meet 
NTSC gain-phase requirements. Into a 7511 load, each 
IV p-p output response is flat within ±0.15 dB 
to 6 MHz. 

Buffer suits track/hold circuits 

A track/hold (T/H) amplifier—a good example of 
difficult driving conditions—^requires high capacitive- 
load-driving capability to achieve fast acquisition times. 


1k 



Fig 4—^This basic T/H-ampllfier design presents conflicts between low pedestal (hold step) and fast acquisition time. A large hold 
capacitor reduces the former problem but increases the latter. The circuit also needs a fast level shifter to drive the FETs gate from 
TTL signals. 
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Fig 5—^This fast, accurate T/H amplifier uses discrete transistor circuitry to provide both low pedestal and fast acquisition time. It 
also features a very fast TTL-to-FET level shifter. The scheme uses a compensation technique to reduce parasitic-induced 
pedestal. 


Moreover, you must consider other tradeoffs in devel¬ 
oping a good design. The conceptual circuit in Fig 4 
illustrates some of the issues involved. Fast acquisition 
requires high charging currents and dynamic stability. 
To have a reasonable droop rate, the hold capacitor 
must be appropriately large. If it’s too large, however, 
the On resistance of the FET switch will affect the 
acquisition time. 

If you use FETs with low On resistance, the parasitic 
gate-source capacitance becomes significant, and a sub¬ 
stantial amount of charge is removed from the hold 
capacitor when the gate switches off. This charge 
removal causes the stored voltage to change abruptly 
when the circuit switches into hold mode. This phenom¬ 
enon, called ‘‘hold step” or “pedestal,” limits the T/H 
amp’s accuracy. You can reduce the effect by increasing 
the hold capacitor’s value, but then (again) acquisition 


time suffers. Finally, because a TTL-compatible input 
is often desirable, the FET requires a level shifter. 
This level shifter must provide adequate pinchoff volt¬ 
age over the entire range of circuit inputs. It must also 
be fast. Delays result in aperture errors and thereby 
introduce dynamic sampling inaccuracy. 

Fig 5 shows a LTlOlO-based circuit that manifests 
fast, precise T/H performance. Qi through Q 4 form a 
high-speed TTL-compatible level shifter. The total 
delay, from the TTL input’s switching into hold mode to 
Qe’s turn-off, is 16 nsec. Baker-clamped Qi biases Qa’s 
emitter to switch le^el shifter Q4. Q2 drives a heavy 
feed-forward network, speeding Q 4 ’s switching. This 
stage minimizes aperture errors while providing the 
necessary level shifting for Qe’s gate. Q 5 and IC3 com¬ 
pensate for the pedestal error that results from Qe’s 
parasitic gate-source capacitance. 
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Video amplifiers 
deliver IV p-p signals 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 nSEC/DIV 

B 

10fnV/DIV 

(AC COUPLED) 

500nSEC/DIV 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 nSEC/DiV 

B 

50mV/DIV 

500 nSEC/DIV 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 nSEC/DIV 

B 

100 mA/DIV 

500 nSEC/DIV 

C 

5V/DiV 

500 nSEC/DIV 


Fig 6—Performance of Fig 5’s T/H circuit is evident in 
these scope photos. The hold step (pedestal) is seen with (a) 
and without (b) compensation. The LT1010’s heavy current 
contribution to fast acquisition time is seen in (c). 


The amount of charge removed from the hold capaci¬ 
tor by the parasitic capacitance is signal dependent 
(Q=CV). To compensate for this error, IC3 measures 
the circuit’s output and biases the Q 5 switch. Each time 
the circuit switches into hold mode, a scaled amount of 
charge is delivered through the 5-kfi/15-pF network in 
Qs’s emitter to compensate for the parasitic-related 
charge removal. Biasing of ICs’s inverting input is such 
that negative supply shifts (which alter the charge 
removed through the parasitic capacitance) are ac¬ 
counted for in the compensating charge. To set the 
compensation, you ground the signal input, clock the 
T/H line and adjust the pot for minimum disturbance at 
the circuit output. 

Fig 6a depicts circuit performance. When the T/H 
input (trace A) goes into hold mode, charge cancellation 
occurs and the output (trace B) exhibits less than a 
250-(jlV pedestal error within 100 nsec. Without com¬ 
pensation (b), the error would be 50 mV (trace B). Fig 
6 c shows the LTlOlO’s contribution to fast acquisition 
with a lOV step. Trace B shows the IC delivering more 
than 100 mA to the hold capacitor; trace C shows the 
output voltage slewing and settling to final value. Note 
that the acquisition time is limited by amplifier settling 
time, and not by capacitor charge time. The circuit 
features a 2 -fxsec acquisition time to a ± 0 . 01 % error 
band, a 100-nsec max hold settling time to a 1 -mV error 
band, and a 16-nsec aperture time. 

Because of their reactive nature, motors present 
tough driving problems. A motor/tachometer combina- 


NOTES: 

DIODES =1N4002 

MOTOR-GENERATOR = TRANSICOIL1215-115 
MOTOR = 12V/4500 RPM 
TACH SLOPE = T.9V/1000 RPM 



-15V O 

-15V 


Fig 7—This simple motor-tachometer circuit takes advan¬ 
tage of the LTIOW’s ability to drive heavy reactive loads. The 
circuit allows speed control in both directions, thanks to the 
tachometer’s bipolar output. 
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Fig 8—An instrumentation temperature controller is easy to build with new electrostatic fans. The thermistor in the fan’s exhaust 
stream is the temperature-sensing element The circuit features a long time constant, to reduce audible and annoying hunting. The 
LTfOlO easily handles the highly reactive transformer!piezo-fan load. 


tion (Fig 7) exemplifies such a problem. The tachome¬ 
ter signal feeds back for comparison with a reference 
current; the 301A amplifier closes a control loop. The 
0.47-|jlF capacitor provides compensation for stability. 
Because the tachometer has a bipolar output, the speed 
is controllable in both directions with clean transitions 
through zero. The LTlOlO's thermal protection is par¬ 
ticularly useful in this application, preventing IC de¬ 
struction in the event of mechanical overload or 
malfunction. 

The circuit shown in Fig 8 controls a fan motor’s 
speed in order to regulate instrument temperature. 
The fan in this example is a new electrostatic type that 
requires high-voltage drive. Upon power-up, the ther¬ 
mistor (located in the fan’s exhaust stream) has a high 
value. This unbalances the ICs-amplifier-driven bridge, 
ICi receives no power, and the fan doesn’t run. 

As the instrument enclosure warms up, the thermis¬ 
tor value decreases until IC3 begins to oscillate, IC2 
provides isolation and gain, and IC4 drives the trans¬ 
former to generate high voltage for the fan. In this 
fashion, the loop acts to maintain a stable instrument 
temperature by controlling the fan’s exhaust rate. The 
100-|xF capacitor across the error amplifier’s pins is 
typical of such configurations. Fast time constants 


produce audible and annoying “hunting” in the servo. 
The optimum values for the time constant and stage 
gain depend on the thermal and airflow characteristics 
of the enclosure being controlled. EDN 
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Monolithic CMOS-switch IC 
suits diverse applications 


Usin0 a CMOS-switch building-block IC, you can take advantage 
of the special attributes of switch-based circuitry 
to produce a variety of hi^h-performance, 
low-ppwka^e-count circuits. 


Jim Williams, Linear Technology Corp 


CMOS analog-IC design is largely based on charge 
manipulation. Switches and capacitors are the elements 
used to control and distribute the charge. For example, 
monolithic filters, data converters and voltage-level 
converters rely on the excellent characteristics of 
CMOS-switch ICs. These techniques, heretofore inher¬ 
ent only in the internal construction of various ICs, are 
now exploitable at the board level, thanks to a CMOS- 
switch IC, the LTC1043. This device, which features 
multipole switching and a self-driven nonoverlapping 
clock, is suitable for use in a wide variety of circuit 
configurations that are impractical to realize with other 
switches. An in-depth look at a sampling of circuits that 
take advantage of this IC helps illustrate important 
features of the device. 

What’s in a CMOS-switch IC? 

Before we examine specific application examples, it’s 
useful to take a look at what’s on the LTC1043’s chip. 
Fig 1 shows the device’s block diagram. The oscillator, 
free-running by default at 200 kHz, drives a nonover¬ 
lapping clock. Placing a capacitor from pin 16 to ground 
shifts the oscillator frequency downward to any desired 
value. You can also drive the pin from any available 
source, thereby synchronizing the switches to external 
circuitry. 

The nonoverlapping clock controls both dpdt switch 
sections. The nonoverlapping character of the drive 
prevents simultaneous conduction in the series-con¬ 


nected switch sections. Charge-balancing circuitry can¬ 
cels the effects of stray capacitance. You can use pins 1 
and 10 as guards for pins 3 and 12 in particularly 
sensitive applications. 

Although the device’s operation appears simple, it 
permits surprisingly sophisticated circuit functions. 
Additionally, the IC’s carefully controlled switching 
characteristics make it relatively easy to implement 
such functions. What’s more, the circuit permits the 
elimination of discrete timing and charge-balancing 
compensation networks, thereby minimizing compo¬ 
nent count and trimming requirements. 

Classic analog circuits work by using continuous 
functions; you usually describe their operation in terms 
of voltage and current. On the other hand, circuits 
based on switched-capacitor technology are sampled- 
data systems that approximate continuous functions; 
bandwidth is limited by the sampling frequency. The 
distribution of charge over time better describes their 
operation. To better understand the circuits that follow, 
keep this distinction in mind. 

^Analog sampled-data and carrier-based systems are 
less common than true continuous approaches, and 
developing a working familiarity with them requires 
some thought. Switched-capacitor approaches have 
greatly aided analog MOS-IC design. The switch IC 
used in this article’s designs brings many of the free¬ 
doms and advantages of CMOS-IC switched-capacitor 
circuits to the board level, thereby providing a valuable 
addition to available design techniques. 

For the first example, the circuit in Fig 2 uses the 
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CMOS-switch IC 
reduces parts count 



LTC1043 to build a simple, precise instrumentation 
amplifier. Using the quad-switch IC and an LT1013 dual 
op amp, the circuit produces a dual instrumentation 
amplifier with just two packages (the schematic shows 
one half of the dual). A single dpdt section converts the 
differential input signal to a ground-referenced, single- 
ended signal at the op amp's input. With the input 
switches closed, Ci acquires the input signal. 

When the input switches open, C2's switches close 
and C2 receives its charge. Continuous clocking forces 
the voltage on C2 to equal the difference between the 
circuit's inputs. The 0.01-(jlF capacitor at pin 16 sets the 
switching frequency at 500 Hz. The amplifier's com¬ 
mon-mode-rejection ratio (CMRR) exceeds 120 dB. 
Resistors Ri and R2 set the amplifier's gain in the 
conventional manner. Note that the action of the 
LTC1043 constitutes a switched capacitor lowpass fil¬ 
ter, resulting in excellent high-frequency CMRR. 

The circuit represents a simple, economical way to 
build a high-performance instrumentation amplifier. Its 


dc characteristics rival those of any hybrid or monolith¬ 
ic unit; moreover, it can operate from one 5V supply. 
The common-mode range includes the supply rails, 
allowing the circuit to read across shunts in the supply 
lines. The amplifier's specs are shown in Fig 2. 

High-performance instrument amp 

The circuit in Fig 3 is similar to the preceding one, 
but it uses the LTC1043's remaining switches to con¬ 
struct a low-drift chopper amplifier. This approach 
maintains the true differential-input configuration, and 
achieves 0.1 -|jlV/°C drift. As before, the differential 
input is converted to a single-ended potential at the 
switch IC's pin 7. The switching action at pins 7, 11 and 
8 chops the voltage into a 500-Hz square wave; the 
ac-coupled ICi amplifies this chopped signal. 

The switches at pins 12, 14 and 13 synchronously 
demodulate ICfs ac-coupled, square-wave output. Be¬ 
cause this switch section is driven synchronously with 
the input chopper, IC2, the direct-coupled output ampli¬ 
fier receives proper amplitude and polarity informa¬ 
tion. This stage integrates the square wave into a dc 
voltage output. The divided output feeds back to pin 8 
of the input chopper, where it serves as the zero-signal 
reference. Because the main amplifier is ac coupled, its 
dc terms do not affect overall circuit offset, resulting in 
the extremely low offset and drift noted in the specs. 
This circuit has lower offset and drift than any commer¬ 
cially available instrumentation amplifier. 

You can use the ac-carrier approach of Fig 3’s circuit 
to make a lock-in amplifier. This circuit works by 



GAIN = 1 + R 2 /R, 

CMRR > 120 dB FROM DC TO 20 kHz 
COMMON-MODE RANGE = ± SUPPLIES 
SUPPLY RANGE = -i-5V TO ±5V. 

SUPPLY CURRENT=.600 ^A 

Fig 2—This fully differential instrumentation amplifier 

uses only one op amp, instead of the classic 3-op-amp 
connection. Its drift, offset and drift performance rival that of 
expensive hybrid and monolithic units. 


184 


EDN OCTOBER 4, 1984 





















































synchronously detecting the carrier-modulated output 
of the signal source. Because the desired signal infor¬ 
mation is contained within the carrier, the system 
constitutes an amplifier with an extremely narrow 
band. Components unrelated to the carrier are re¬ 
jected; the amplifier only passes signals that are coher¬ 
ent with the carrier. In practice, lock-in amplifiers can 
extract signals 120 dB below the noise level. 

Fig 4 shows a lock-in amplifier that uses a single 
LTC1043 section. In this application the signal source is 
a thermistor bridge that detects extremely small temp¬ 
erature shifts in a biochemical microcalorimetry reac¬ 
tion chamber. The 500-Hz carrier is applied at Ti’s 
input. The transformer's output drives the thermistor 
bridge, which presents a single-ended output to ICi. 

A 60-Hz broadband noise source is also deliberately 
injected into IC/s input (Fig 5, trace B). IC 4 detects the 
carrier's zero crossings; this IC's output clocks the 
LTC1043 (trace C). IC/s output (trace D) shows the 
desired 500-Hz signal buried within the 60-Hz noise 
signal. The LTC1043's zero-crossing-synchronized 
switching at IC 2 's positive input (trace E) causes IC 2 ^s 
gain to alternate between plus and minus one. 

As a result, IC2 synchronously demodulates ICfs 
output. IC 2 's output comprises the demodulated carrier 
signal and noncoherent components. The desired carri¬ 
er-amplitude and polarity information is discernible in 
IC2's output; filtering at IC3 extracts the information. 


To trim the circuit, adjust the phase potentiometer so 
that IC4 switches when the carrier crosses through 
zero. 

Control gain digitally 

Besides low drift and high noise rejection, another 
area in amplifier design that can profit from switching 
technology is variable gain. IVs a difficult task to 
design a wide-range, variable-gain block with good dc 
stability. Such configurations usually require relays or 
temperature-compensated FET networks in relatively 
expensive and complicated arrangements. The circuit 
in Fig 6 uses the LTC1043 in a variable-gain amplifier 
that features continuously variable gain thafs adjust¬ 
able from zero to 1000. Other features are 20-ppmrC 
gain stability and single-ended or differential inputs. 

The circuit uses two LTC 1043s. Frequency input Fin, 
possibly generated by a host processor, clocks unit A; a 
1 -kHz source clocks unit B continuously. Both 
LTC1043s function as the sampled-data equivalent of a 
resistor, within the bandwidth set by unit A^s O.Ol-fxF 
feedback capacitor. The time-averaged current deliv¬ 
ered to the op amp^s summing point by unit A is a 
function of the 0.01-|jlF capacitor's input-derived volt¬ 
age and the commutation frequency at unit B, pin 16. 

Low commutation frequencies result in small time- 
averaged current values; this situation produces the 
approximation of a large input resistor. Higher fre- 


DC 

OUTPUT 



Fig 3—A chopper-stabilized configuration allows this simple instrumentation amplifier to achieve 10-\juV offset and 0.1-\juVi°C drift. 
The fully differential circuit’s other specs are impressive, too—140-dB common-mode rejection and 10^ open-loop gain. 
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Consider charge 
instead of I and V 


quencies, on the other hand, produce a small equivalent 
input resistor. Unit B, in IC/s feedback path, acts in a 
similar fashion. For the circuit values shown, the gain is 
G=Fin-M0. 

Gain stability depends on the ratiometric stability 
between the 1-kHz and variable clocks (which could 
derive from a common source) and the ratio stability of 
the capacitors. For polystyrene types, the stability is 
typically 20 ppm/°C. The circuits input, determined by 
the pin connections shown in Fig 6 , can be either single 
ended or differential. WhaFs more, although ICi is 
connected as an inverter, the circuit's overall transfer 
function can be either positive or negative in polarity. 
As shown, with pins 13A and 17A grounded and the 
input applied to pin 8A, the polarity is negative. 



Linearize a platinum RTD 

In another useful application, the LTC1043 can sim¬ 
plify the circuitry needed to condition and linearize a 
platinum RTD's output. The circuit shown in Fig 7 is 
considerably simpler than instrumentation-amplifier 
designs; moreover, it operates from one 5V supply. By 
sensing the differential voltage across the SS7fl feed¬ 
back resistor, ICi serves as a voltage-controlled, 
ground-referred current source. The LTC1043 section 
that performs this role presents a single-ended signal to 
ICi's noninverting input, thereby closing the loop. 


TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

5 mSEC/DIV 

B 

2V/DIV 

5 mSEC/DIV 

C 

50V/DIV 

5 mSEC/DIV 

D 

5V/DIV 

5 mSEC/DIV 

E 

5V/DIV 

5 mSEC/DIV 

F 

5V/DIV 

5 mSEC/DIV 


Fig 5—^These lock-in-amplifier waveforms show whafs 
happening in the circuit in Fig 4. By filter averaging the 
circuit’s output (trace F), you can extract the modulated 
carrier’s amplitude and polarity information, thereby eliminat¬ 
ing the deleterious effects of the deliberately introduced 
60-Hz noise in trace B. 


500-Hz 

SINEWAVE 

DRIVE 




NOTES: 

T, = TOROTEL TF5SX17ZZ 
Hj = YSI THERMISTOR 44006 
= 6,19k AT 37.5°C 
* = ±0.05% MATCH 
6.19k = VISHAY S102 



10k' 



Fig 4—Using carrier modulation of the signal source, this lock-in amplifier can extract signals 120 dB below noise level. The 
circuit uses a thermistor to detect extremely small temperature shifts. The amplifier rejects any signal components not related to the 
carrier frequency. 
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The 2-kn, 0.1 -|jlF combination sets amplifier rolloff 
well below the LTC1043's switching frequency, so the 
configuration is stable. Because IC/s loop forces a fixed 
voltage across the 88711 resistor, the current through 
Rp is constant. The 2.5V LT1009 reference fixes IC/s 
operating point. The RTD's constant current forces the 
voltage across it to vary directly with its resistance, 
this parameter possessing a nearly linear, positive 
temperature coefficient. 

The RTD's inherent nonlinearity could cause several 
degrees of error over the circuit's 0 to 400°C operating 
range. To counter this, IC 2 amplifies R? s output while 
simultaneously supplying a nonlinearity correction. 
The portion of IC 2 's output that feeds back to ICi (via 
the lO-kfl/250-kfl divider) effects the correction. This 
action causes the current supplied to R? to shift slightly 
in its operating point, compensating (within ±0.05°C) 
for the sensor's nonlinearity. 

The remaining LTC1043 section supplies a differen¬ 
tial input to IC 2 . This action permits the subtraction of 
an offsetting potential, derived from the LT1009, from 



Fig 6—Featuring low drift and digitally controlled gain, 

this amplifier uses switched-capacitor technology to allow 
continuously variable, selectable gains from zero to 1000. 
The switched-capacitor sections produce sampled-data 
equivalents of resistors. 



Fig 7—Demonstrating one way to linearize a platinum RTD element, this circuit allows you to ground one side of the RTD to 

minimize noise. The circuit is simpler than instrumentation-amplifier designs and operates from one 5V supply; it features ±0.05°C 
accuracy. 
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Instrument amps 
use few op amps 


Rp’s output- The scaling is such that produces OV at 
IC 2 's output. IC 2 ’s feedback-component values set the 
gain; linearity correction derives from the output. 

To calibrate this circuit, substitute a precision decade 
box for Rp. Set the box to the value (lOO.OOfl), then 


adjust the zero trim for O.OOV output. Next, set the 
decade box for output (154.26fl) and adjust the 

gain trim for 1.400V output. Finally, set the box for 
249.OOn (400.00''C) and trim the linearity adjustments 
for 4.000V output. Reiterate this sequence until all 



OUTPUT 
0 TO 1V = 

0 TO 100% RH 


Fig 8—This circuit provides signal conditioning for a relative-humidity transducer, a function that is usually difficult to realize. 
The circuit is accurate to within ±2% in the 5 to 90% humidity range. 



OUTPUT 
0 TO iv = 

0 TO 100% RH 


Fig 9—An alternative to Fig 8’s circuit, this configuration uses two op amps and one CMOS-switch 1C. The circuit is insensitive to 
clock frequency; you trim its dc offset by injecting a current into IC 2 's summing junction. 
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three points are fixed. Total error over the entire range 
is now within ±0.05°C. 

The resistance values given are for a nominal 
100. OOn (0°C) sensor. You can use sensors that differ 
from this nominal value by factoring in the deviation 


A 

B 

c 

D 

E 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

500 /iSEC/DIV 

B 

10V/DIV 

500 /iSEC/DIV 

C 

0.2V/DIV 

500 /iSEC/DIV 

D 

0.2V/DIV 

500 /xSEC/DIV 

E 

0.2V/DIV 

500 /iSEC/DIV 


Fig 11—Waveforms for Fig 10’s LVDT-conditioning circuit 

show the stabilized sine wave (trace A) applied to the 
transformer’s primary. Summing the half-wave-rectified sec¬ 
ondary outputs seen in traces C and D results in the output 
(trace E). 


from the 100.OOH value. This deviation, specified by the 
RTD manufacturer for each sensor, is an offset term 
that accrues from the winding tolerances during the 
RTD's fabrication. The platinum element's gain slope— 
a very small error term—is primarily fixed by the 
purity of the material. Note that ICi constitutes a 
voltage-controlled current source with both input and 
output referred to ground—this is usually a difficult 
function to realize. 

Conditioning an RH sensor 

Moving from temperature to relative humidity, note 
that the latter is a difficult parameter to transduce and 
that most available transducers require fairly complex 
signal-conditioning circuitry. The circuit in Fig 8 com¬ 
bines two LTC1043S with a recently introduced, capaci¬ 
tance-based humidity transducer in a simple charge- 
pump circuit. 

The specified sensor has a nominal 500-pF capaci¬ 
tance at RH=76%, and a transfer-function slope of 1.7 
pF/%RH, The average voltage across the device must 
be OV; this provision prevents deleterious electrochem¬ 
ical migration in the sensor. LTC1043A inverts a resis- 
tively scaled portion of the LT1009-produced reference 
voltage, thereby generating a negative potential at pin 
14A. LTC1043B alternately charges and discharges the 
humidity sensor via pins 12B, 13B and 14B. 



OUTPUT 
>0 TO ±2.5V = 
0 TO ±2.5mm 


Fig 10—This position-sensing circuit uses an LVDT to detect the displacement of the transformer’s core from magnetic center. The 
circuit produces ±2.5V output for displacements of ±2.5 mm. 
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Lock-in amplifier 
extracts buried signals 


With pins 14B and 12B connected, the sensor charges 
(via the l-|xF capacitor) to the negative potential at pin 
14A. When the 14B-12B connection opens, 12B con¬ 
nects to ICi's summing point through the l-|xF capaci¬ 
tor. Because the charge voltage is fixed, the average 
current into the summing point is determined by the 
sensor's humidity-related value. The capacitor ac cou¬ 
ples the sensor to the charge/discharge path, maintain¬ 
ing the required OV average voltage across the device. 

The 22-Mn resistor prevents charge accumulation 
that would stop current flow. The average current into 
ICi’s summing junction is balanced by packets of charge 
delivered by the switched-capacitor network in IC/s 
feedback loop. The O.l-jxF capacitor imparts an inte¬ 
grator-like response to ICi; the amplifier thus yields a 


dc output. To make 0% RH correspond to OV, it^s 
necessary to introduce offsetting. 

The signal and feedback terms biasing the summing 
point are expressed in charge form, so the offsetting 
signal delivered to the summing junction must also be 
in the form of charge, instead of a simple dc current. 
Failing this, frequency drift of the LTC1043B’s oscilla¬ 
tor will affect the circuit. Switch section 8B-11B-7B 
serves this charge-dispensing function, delivering the 
LT1009-referenced offsetting charge to ICi. 

Drift contributors in this circuit include the LT1009 
and the ratio stabilities of the sensor and the 100-pF 
capacitors. These terms are well within the sensor's 
2%-accuracy specification; therefore, temperature com¬ 
pensation is unnecessary. To calibrate the circuit, place 


GAIN 




Fig 12—Simplifications of classic FA^ and V/F converters, these circuits feature iow component count and 0.005% iinearity. The 
F/V (a) and V/F (b) circuits are mirror images of each other; in the iatter, the switched-capacitor network appears in the op amp's 
feedback network. 
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the sensor in a known 5%-RH environment and adjust 
the potentiometer labeled “ 5 %-RH trim” for 0.05V 
output. Next, place the sensor in a 90%-RH environ¬ 
ment and set the “90%-RH trim” for 900-mV output. 

Reiterate the procedure until both points are fixed. 
Once calibrated, this circuit is accurate within 2 % in the 
5 to 90% relative-humidity range. Fig 9 shows an 
alternate circuit, requiring two op amps but only one 
LTC1043. This circuit maintains insensitivity to the 
clock frequency while permitting a dc-offset trim. You 
can effect the trim by summing in the offset current 
after ICi. 

Switch out LVDT errors 

Another transducer that's eligible for signal condi¬ 
tioning by switching techniques is the linear variable 
differential transformer (LVDT). This device is a trans¬ 
former with a mechanically actuated core. A sine wave 
(usually amplitude stabilized) drives the primary; si¬ 
nusoidal drive eliminates error-inducing harmonics in 
the transformer. The two secondaries are connected in 
opposing phase. When the core is in the transformer's 
magnetic center, the secondary outputs cancel, produc¬ 
ing net zero output. Moving the core away from center 
position unbalances the flux ratio between the second¬ 
aries, resulting in a voltage output. 

Fig 10 shows an LTC1043-based LVDT signal condi¬ 
tioner. ICi and its associated components supply the 
amplitude-stabilized, sine-wave source. The op amp's 


positive-feedback path constitutes a Wein bridge, tuned 
for 1.5 kHz. Qi, the LT1004 reference and some addi¬ 
tional components in ICi's negative-feedback loop stabi¬ 
lize the amplifier at unity gain. 

ICi's output (Fig 11, trace A), an amplitude-stabi¬ 
lized sine wave, drives the LVDT. IC 3 detects zero 
crossings and drives the LTC1043's clock pin (trace B). 
A speed-up network at ICs's input compensates for 
LVDT phase shift, synchronizing the LTC1043's clock 
to the transformer output's zero crossings. The 
LTC1043 alternately connects each end of the trans¬ 
former to ground, resulting in positive half-wave recti¬ 
fication at pins 7 and 14 (traces C and D). These points 
are summed (trace E) in a lowpass filter at IC 2 's input; 
this op amp supplies gain scaling at the circuit's output. 

The synchronized clocking of the LTC1043 causes the 
information presented to the lowpass filter to be ampli¬ 
tude and phase sensitive. The circuit output indicates 
how far the core is from center, and on which side. To 
calibrate the circuit, center the LVDT's core in the 
transformer and adjust the phase trim for OV output. 
Next, move the core to either extreme position and set 
the gain trim for the desired 2.50V full-scale output. 

Convert F to V and V to F 

As additional examples of how a CMOS-switch IC can 
simplify precision circuit functions, consider the two 
related circuits of Fig 12. These circuits equal the 
performance of charge-pump frequency-to-voltage 




TRACE 

VERTICAL 

HORIZONTAL 

A 

lOV/DIV 

50 nSEC/DIV 

B 

5 mA/DIV 

50 nSEC/DIV 

C 

0.5V/DIV 
(AC COUPLED) 

50 nSEC/DIV 


Fig 13—^The F/V converter of Fig 12a produces these 
waveforms. The 1000-pF capacitor removes current from 
ICi’s summing node (trace B), forcing the op amp’s output to 
swing negative (trace C). The amplifier recovers and resets 
its summing node to zero. 


TRACE 

VERTICAL 

HORIZONTAL 

A 

20 mV/DIV 

20 /iSEC/DIV 

B 

10V/DIV 

20 /.SEC/DIV 

C 

20 mA/DIV 

20 /.SEC/DIV 

D 

5V/DIV 

20 /iSEC/DIV 


Fig 14—^These waveforms show voltage and current 
relationships in the VIF converter in Fig 12b. The circuit 
works by reversing an LTC1043’s switch states, causing 
current to flow from the op amp’s summing node into a 
0.01 ‘IlF capacitor (trace C). 
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Switched-capacitor circuits 
make signal conditioning easy 


(FA/^) and voltage-to-frequency (V/F) converters, re¬ 
spectively, but don't require the compensation the 
earlier circuits need for nonideal charge-gating behav¬ 
ior. The circuits are economical and have low compo¬ 
nent count, and their 0.005% transfer-function linearity 
equals that of more complex designs. 

In the FA^ converter (a), the input (Fig 13, trace A) 
drives the LTC1043's clock pin. With the input high, 
pins 12 and 13 are shorted and pin 14 is open. The 
1000-pF capacitor receives charge from the 1-|jlF unit, 
which is biased by the LT1004. At the input's negative¬ 
going edge, the 12-13 switch opens and 12-14 closes. 
The 1000-pF capacitor quickly removes current (trace 
B) from ICi's summing node. Initially, current transfer 
occurs through ICi's feedback capacitor, and the ampli¬ 
fier's output swings negative (trace C). 

When ICi recovers, it slews in a positive sense to a 
level that resets the summing junction to zero. ICi's 
1-|jlF feedback capacitor averages this action over many 
cycles; the circuit's output is, therefore, a dc level 
linearly related to frequency. ICi's feedback resistors 
set the circuit's dc gain. To trim the circuit, apply a 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

500 /iSEC/DIV 

B 

0.2V/DIV 

500 /iSEC/DIV 

C 

20V/DIV 

500 /iSEC/DIV 

D 

20V/DIV 

500 /iSEC/DIV 

E 

20V/DIV 

20 /iSEC/DIV 

F 

0.1V/DIV 

20 /iSEC/DIV 

G 

20V/DIV 

20 /xSEC/DlV 

H 

20V/DIV 

20 /iSEC/DIV 


Fig 16—The A/D conversion in Fig 15’s circuit is seen in 
these waveforms. Note the staircase in trace F, which clearly 
indicates the charge-pumping action at the input op amp's 
summing junction. 


LTC1043B 




SERIAL 
OUTPUT 
0 TO 3V = 
0 TO 4096 
COUNTS 


Fig 15—This inexpensive 12-bit A/D converter is an integrating type. The number of pulses between resets represents the binary 
equivalent of the analog input. The self-clocking circuit converts a full-scale input in 25 msec. 
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Switching circuits 
lower dc offsets 


30-kHz input and set the 10-kn gain-trim potentiome¬ 
ter for exactly 3V output. 

The primary drift contributor in this circuit is the 
-120-ppm/°C temperature coefficient of the 1000-pF 
capacitor (preferably a polystyrene unit). You can re¬ 
duce this term to less than 20 ppm/°C by using a 
feedback resistor with an opposing temperature coeffi¬ 
cient (eg, a TRW MTR-5/+120 ppm). You must hold the 
input pulse low for at least 100 nsec in order to allow 
complete discharge of the 1000-pF capacitor. 

In the circuit in Fig 12b, the LTC1043-based charge 
pump is in ICi's feedback loop, resulting in a V/F 
converter. IC/s output drives the clock pin. Assume 
that ICi's inverting input is just below OV; the op amp's 
output is therefore positive. Under these conditions, 
the LTC1043's pins 12 and 13 are shorted and pin 14 is 
open, allowing the 0.01-fxF capacitor to charge toward 
the -1.2V LTC1004. When the input-voltage-derived 
current forces ICi's summing point positive (Fig 14, 
trace A), the amp's output swings negative (trace B). 

This transition reverses the LTC1043's switch states, 
connecting pins 12 and 14. Current flows from the 
summing point into the O.Ol-fxF capacitor (trace C). 
The 30-pF, 22-kn combination at ICi's noninverting 
input (trace D) ensures that ICi's output remains low 
long enough for the 0.01-fxF capacitor to reset to zero. 
When this RC positive-feedback path decays, the op 
amp's output returns to a positive level and the entire 
cycle repeats. The oscillating frequency of this arrange¬ 
ment is directly related to the input voltage, with 
0.005% transfer-function linearity. 

Start-up or overdrive conditions could force ICi's 
output to go to the negative rail and stay there. Qi 
prevents this condition by pulling the summing point 
negative if the op amp's output stays low long enough to 
charge the l-|xF, 330-kfl network. Two LTC1043 switch 
sections provide complementary sink/source outputs. 
As in the F/V converter, the 0.01-|jlF contributes the 
primary drift term; the resistor type noted earlier 
provides optimum temperature-coefficient cancellation. 
To calibrate this circuit, apply 3V to the input and 
adjust the gain-trim potentiometer for 30-kHz output. 

A/D converter offers simplicity 

As a final example of the utility of a CMOS-switch IC, 
consider the use of the IC in an economical, counter¬ 
type A/D converter. The circuit (Fig 15) is self clock¬ 
ing, has a serial output and completes a full-scale 
conversion in 25 msec. The design uses two LTC1043s. 
Unit A is free running, alternately charging the 100-pF 
capacitor from the LT1004 reference source, then 
dumping it into IC/s summing junction. ICi, connected 
as an integrator, responds with a linear-ramp output 
(Fig 16, trace B). 


IC2 compares the ramp with the input voltage. When 
the crossing occurs, IC2's output switches low (trace C), 
setting the flip flop's Q output to logic One (trace D). 
This action pulls pin 16B high, resetting ICi's integra¬ 
tor capacitor via the paralleled switches. Simultaneous¬ 
ly, pin 14B opens, preventing the delivery of charge to 
ICi's summing point during the reset. 

The flip flop's Q output, at logic Zero during this 
interval, produces an ac-coupled, negative-going pulse 
at ICs's inverting input. This spike forces ICs's output 
high, inserting a gap in the output clock-pulse stream 
(trace A). The width of this gap, set by the components 
at ICs's inverting input, is sufficiently great to allow a 
complete reset of ICi's integrating capacitor. The num¬ 
ber of pulses between gaps is directly related to the 
input voltage. 

The actual conversion begins at the gap's negative¬ 
going edge and ends at its positive-going edge. The flip 
flop can serve a reset function. Alternatively, a proces¬ 
sor-driven time-out routine can determine the end of 
conversion. Traces E through H offer expanded-scale 
versions of traces A through D. The staircase detail of 
ICi's ramp output reflects the charge-pumping action at 
the op amp's summing point. 

Note that the drift in the 100-pF and 0.1-fxF capaci¬ 
tors (again, preferably polystyrene) cancels ratiometri- 
cally. Full-scale drift for this circuit is typically 20 
ppm/°C, allowing it to hold 12-bit accuracy over 
25°C±10°C. To calibrate the circuit, apply 3V input and 
trim the gain potentiometer for 4096 output pulses 
between data-stream gaps. EDN 
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Use low-power design methods 
to condition battery outputs 


By applying some simple battery-regulator design techniques, 
you can condition battery voltages without consuming the large 
amounts of power typical in regulator circuitry. 


Jim Williams, Linear Technology Corp 


Most IC regulators are not suitable as battery regula¬ 
tors because they either draw too much quiescent 
current or can’t operate at low input voltages, or both. 
For example, some switching regulators consume 20 
mA—^far more current than low-power systems draw. 
This article contains a variety of circuit-design ideas for 
conditioning power without draining your batteries 
unnecessarily. 

When you design battery regulators, you must con¬ 
sider efficiency, power output, battery life, circuit 
complexity, pc-board space and cost. You can apply 
various linear and switching regulation techniques, 
depending on your specific requirements. General 
classes of regulators include voltage inverters, step- 
down circuits and step-up converters. Usuallyj you will 
use dc exclusively, but sometimes you will need ac. So 
you should understand how to design for both. 

Generate negative and positive voltages 

You will often have to generate a negative voltage. 
Fig la shows a simple way to do this. The LTC1044 
switched-capacitor voltage converter’s internal switch¬ 


es transfer charge sequentially from Ci to C2, the 
output capacitor. When SWi is closed, Ci charges to 9V. 
When SWi opens, SW2 closes, charging C2 and giving it 
a negative potential with respect to ground. Continu¬ 
ous clocking keeps Vqut at dc. 

Because of the chip’s finite output impedance, loading 
its output causes a voltage drop. Fig lb plots output 
voltage versus load current. In loW-current applications 
or in applications where regulation isn’t critical, the 
circuit in Fig la proves adequate. If you need to 
improve the regulation, you must decrease the circuit’s 
output impedance. Fig Ic puts the LTC1044 in a 
feedback loop with an LMlO’s op amps (the remaining 
section serves as a reference-voltage source). Because 
the LTC1044 is a voltage inverter, the loop closes at the 
op amp’s positive input. Consequently, increased drive 
from the LMIO compensates for the voltage converter’s 
droop under load. 

The 0.1-|xF capacitor Stabilizes the loop. Because the 
LMlO’s output impedance rises with frequency, you 
need the 47-|jiF capacitor on the chip’s output to isolate 
it from the high-frequency input pulses of the LTC1044. 
The LMlO’s output-swing restrictions limit circuit out¬ 
put to 8.5V. You can see in Fig lb the improvement in 
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CMOS voltage converter 
regulates efficiently 


the output regulation over the basic circuit in Fig la. 

You will often need to get positive and negative 
supplies from a single battery. If your current require¬ 
ments are small, the circuit shown in Fig 2a is a simple 
solution. It provides symmetrical positive and negative 
output voltages, each equal to half the input voltage. 
The output voltages get referenced to pin 3 (output 
common). If the input voltage between pin 8 and pin 5 
exceeds 6V, you should also connect pin 6 to pin 3, as 
shown by the dashed line. 

The LTlOlO buffer handles higher currents. Fig 2b 
shows a splitter circuit that can source or sink as much 


as ± 150 mA with only 5-mA quiescent current. You can 
make the output capacitor as large as is necessary to 
absorb current transients. An input capacitor across 
the battery prevents the high frequency instability that 
a high source impedance can cause. 

Regulators have low dropout rate 

Switching regulators aren't the only type that suit 
battery power. Linear regulators for batteries provide 
both low noise and fast transient response. To maximize 
battery life, you will want a very low regulator-dropout 
voltage. You could do this with pnp pass elements, but 




Fig 1—^To generate a negative voitage, you can use the circuit in (a), which includes the block diagram of an LTC1044; (b) plots the 
voltage-deviation/load-current characteristics of (a) and of an improved version that includes an op amp, shown in fc]. 
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their base current never arrives at the load, which 
decreases efficiency. The pnp^s voltage gain also compli¬ 
cates loop dynamics, often leading to a relatively poor 
transient response. 

The circuit illustrated in Fig 3a offers low dropout 
and the fast transient response of an npn pass element. 
Normally, npn pass-based regulators have high drop¬ 
out voltages because of voltage drops in the emitter- 
follower connected pass transistor. This design drives 
the npn pass base from a 12V source generated by the 
LTC1044 voltage converter from the circuit's 6V-input. 
The transistor operates as a voltage-overdriven emitter 
follower. Only Vce(sat) limits the emitter's ability to 
follow the collector. The voltage-overdriven base re- 





fa) and the high-current power-buffer circuit (b) produce 
positive and negative voltages, with low quiescent currents. 
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Regulator minimizes 
dropout voltage 


moves the Vrf: drop, normally the dominant loss, as a 
consideration. The LTC1044 that doubles the battery 
voltage powers the LT1013 dual op amp. The circuit’s 
quiescent current is 760 [jlA and its 100-mA-capacity 
output is short-circuit protected. 

ICi, with 12V-output capability, provides the feed¬ 
back that controls the 6V collector-biased transistor. 
The lOOn resistor prevents parasitic high frequency 
oscillation and the LT1004 is a voltage reference. Vary¬ 
ing ICi’s feedback divider trims the output, and the 
0.003-(jlF capacitor compensates the loop. IC 2 provides 
short-circuit protection by forcing TCi’s output low if 


battery current exceeds 150 mA. IC 2 ’s low offset and 
high open-loop gain allow it to use the very small O.OIU 
current sense resistor, reducing voltage-drop losses. At 
100-mA output, the shunt has only 1 mV across it. 

Fig 3b illustrates dropout data for the regulator. For 
a 10-mA load, dropout is only 0.016V, with 0.094V 
occurring at 100-mA loading. Fig 3c shows the circuit's 
transient response. The top trace shows a variable load 
on the output, which is either zero or 100 mA. The 
bottom trace is the regulator’s output (ac coupled). 
Transient response is clean and quick, with little tailing 
or aberration. 


Q9V 


* 9V 


0.01 



090k ^ 


-05Vo 


:47 /;F 


LT1004 ‘ 
1 2V 



?20k . 



(^) 


500 /.SEC/DiV 


A,D = 10V/DIV 
B = 100mA/DIV 

(b) C - 100 mV/DIV (AC COUPLED) 
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^V^ = 250 mV-_ 
1 2N5434 ^ 
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:i00k 
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OUTPUT 

ADJUST 


Fig 4— If the voltage drop between the input and the output of the regulator is sizable, using (a) keeps efficiency at 60% with 

50-mA output capability. The switching in (b)is clean, but this switching can still cause excessive noise. The design in (c) eliminates 
the noise problem. 
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The low-dropout linear regulator is efficient only 
when its input and output voltages are close. Situations 
requiring substantial voltage drop to achieve the de¬ 
sired regulated output need switching techniques to 
maintain good efficiency. Fig 4a shows a simple bat¬ 
tery-powered switching regulator. It supplies 5V from 
a 9V source with 80% efficiency and 50-mA output. 

To understand the circuit's operation, assume that 
the transistor, Qi in Fig 4a, is on. Its collector's (top 
trace. Fig 4b) voltage rises, forcing current (second 
trace) through the inductor. The output voltage (third 
trace) rises, causing ICi's output to rise. Qi cuts off and 
the stored energy in the inductor discharges through 
the load (the 1N4148 is a flyback diode). The 100-pF 
capacitor ensures clean switching. The cycle repeats 
when the output drops low enough for ICi to turn on Qi. 
The 1-fxF capacitor ensures low battery impedance at 
high frequencies, preventing sag during switching. 
Short-circuit protection is the same as that in Fig 3a's 
circuit. 


In some applications, the switching noise on the 
regulated output may be troublesome. Fig 4c elimi¬ 
nates the noise by adding a low-dropout series regula¬ 
tor at the switching circuit's output. The operation of 
the switching loop is similar to that in Fig 4a, except 
that in Fig 4c the loop also controls the voltage across 
the 2N5434 FET series-pass element. The switching 
loop forces the voltage across the FET to equal the 
voltage across the Schottky diode (Vd=250 mV), re¬ 
gardless of input or loading conditions. The FET, a 
Iow-Rds(on), low pinch-off unit, combines with IC2 to 
form a simple, low-dropout series-pass regulator. The 
LT1004 is the reference, and the 1000-pF capacitor 
provides roll-off. This circuit will supply 25 mA of 
noise-free, regulated power with short-circuit current 
set by the FET's 30-mA loss- The overall 75% efficiency 
of Fig 4c's circuit is not as good as that of the basic 
switching circuit in Fig 4a because of the 6 mW 
(0.250V X 0.025A) dissipated in the FET. 

Fig 5a shows another high-efficiency battery-driven 



Fig 5—^This 1 A-output capacity regulator (a) features an LTC1043 switched-capacitor building block and differs from most other 
high-current designs in that it doesn't require an inductor. The top two traces (b) display transistor drives, and the third trace is the 
output voltage. 
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Switching circuit 
conserves power 


regulator that puts out lA. It does not require an 
inductor—an unusual feature for a switching regulator 
operating at this current level. 

The LTC1043 switched-capacitor building block pro¬ 
vides non overlapping complementary drive to the Qi to 
Q 2 power MOSFETS. The MOSFETS alternately place 
Cl and C 2 first in series and then in parallel. During the 
series phase, the 12 V battery charges both capacitors 
and furnishes load current. During the parallel phase, 
both capacitors deliver current to the load. 

The top and second traces (Fig 5b) are the LTC1043- 
supplied drives to Q 3 and Q 4 , respectively. (Qi and Q 2 
receive similar drive from pins 3 and 11 .) The diode- 
resistor networks enhance the nonoverlapping drive, 
preventing simultaneous drive to the series/parallel- 
phase switches. Normally, the output would be one-half 


of the supply voltage, but Ci and its associated compo¬ 
nents close a feedback loop, forcing the output to 5V. 
With the circuit in the series phase, the output (third 
trace) heads rapidly in the positive direction. When the 
output exceeds 5V, the comparator-configured op amp 
trips, forcing the LTC1043 oscillator pin (bottom trace) 
high. This truncates the LTC1043’s tfiangle-wave oscil¬ 
lator cycle. 

Disabling the oscillator forces the circuit into the 
parallel phase, and the output coasts down slowly until 
the next LTC1043 clock cycle begins. The comparator’s 
output diode prevents the triangle down-slope from 
being affected and the 100 -pF capacitor provides sharp 
transitions. The loop regulates the output to 5V by 
controlling (with feedback) the turn-off point of the 
series phase. The circuit constitutes a large-scale 



3V 3; 10;.F 


(a) 


(d) 

A = 0.2V/DIV 
(AC COUPLED) 
B = 1V/DIV 
C = 2V/DIV 


Vout = 6V - FIG 6a 


A 


0.2 0.4 


ti -' 


0.6 0.8 1.0 1.2 1.4 1.6 

OUTPUT CURRENT (mA) 


1.8 2.0 



Fig 6—This simple application of the LTC1044 voltage converter faj produces an output voltage of twice the input voltage. As the 
load current increases, the voltage output falls off (b)—a problem that the op-amp design in (c) solves. If the output voltage declines 
(top trace (d)), the amp (bottom trace) goes negative, turning on the switching transistors and bringing the output voltage back up. 
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200k ADJUST 


1 mSEC/DIV 

A,B.C = 2V/DIV 
D = 0.01V/DIV 
(AC COUPLED) 


Fig 7—By including a transformer, (a) has a voltage gain of more than a factor of two. O/s collector (top trace, (b)) goes high when 
the output voltage (bottom trace) falls lower than the loop’s set point. The second and third traces display the LM10 output and 02 's 
collector, respectively. 
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Fig 8—^This flyback-class converter (a) delivers 15V from a 6V battery. With an efficiency of 78%, this circuit can supply 50 mA, 
regulated within 0.05%. 
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Inductorless design 
generates high currents 


switched-capacitor voltage divider that never com¬ 
pletes a full cycle. Power MOSFETs easily handle the 
high transient currents, and overall efficiency is 83%, 

Circuits step up output voltage 

All the previous circuits condition battery output to a 
lower voltage. Many applications call for a voltage 
higher than the battery’s output. Fig 6a shows a simple 
way to double available battery voltage using the 
LTC1044 switched-capacitor voltage converter. As 
shown, the IC functions in much the same way as does 
Fig 5a’s circuit, but at greatly reduced power levels. 
This circuit will drive low-power 74-CMOS loads for 
long times from two small cells, which supply 3 to 15V. 
Efficiency exceeds 90% for load currents below^ 1.75 
mA. Fig 6b plots output voltage vs loading. 

Fig 6c fixes the problem of Fig 6 a’s drop in regula¬ 
tion. As in Fig 5a, feedback techniques compensate for 
the voltage converter’s output impedance. The 
LTC1044 in Fig 6c is a voltage doubler; the IqxF 
capacitor pumps up the 100 -|jlF capacitor. Qj and Qz ai e 
a bidirectional switch that can interrupt the pump-up 
action. An LMIO op-amp reference controls the switch 
that regulates the output. When the output voltage 
decays enough (Fig 6d, top trace), the LMlO’s refer¬ 
ence amplifier swings high (middle trace), driving the 
op amp negative (bottom trace), and both transistors 


turn on. This allows the LTC1044 to pump charge to the 
lOO-fxF capacitor. For each charge cycle, the output 
takes a voltage step up. When the output steps high 
enough, the LMIO switches off and the cycle repeats. 

Repetition is load dependent, with typical values of 1 
to 400 Hz. The loop’s gain-bandwidth sets response 
hysteresis to 40 mV. The feedback network fixes the 5V 
output within 0.0i^5V for loads up to 2 mA (plotted in 
Fig 6b). 

Transformer increases voltage gain 

The circuit in Fig 7a is conceptually similar to the one 
in Fig 6 , except that Fig 7's circuit uses a transformer 
to get gre^iter voltage gain. This produces a 5V output 
from a single 1.5V cell. Q^, Q 3 and Ti form a self- 
oscillating dc-dc converter, which is controlled by the 
Qi switch. As in Fig 6 c, an LMIO closes the feedback 
loop around this battery step-up converter. With only 
1.5V at the input, you must pay particular attention to 
switch-saturation losses. The germanium transistors 
specified have under 50-mV drop, less than silicon 
types. Germanium output diodes also contribute low 
forward-drop losses. The0.004-fjLF capacitor sets hyster¬ 
esis at 20 mV, preventing erratic loop dynamics. An RC 
damper in T/s primary eliminates parasitic high fre¬ 
quency oscillation. 

Fig 7b show’s the operation of the circuit in Fig 7a; 
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Fig 9—The inclusion of a flip flop in (a) lets this flyback circuit produce positive and negative 15V outputs. The inductor current 
(trace D, (b)) does not change sign, but alternate switching allows a change of polarity at the transistors' collectors. 
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Flyback circuit 
increases voltage gain 


Qi's collector (top trace) goes high when the circuit's 
output voltage (bottom trace) falls below the loop's set 
point. The second and third traces are the LMlO's 
output and Q 2 's collector, respectively. Note that the 
output's ramp steps up in a manner much like that of 
Fig 6c’s capacitively driven circuit. As with Fig 6c, 
loop oscillation frequency depends directly on the load, 
and is typically 1 to 250 Hz. This circuit will supply a 
5V, 150-|JiA load (about 25 CMOS SSI ICs) for 3000 hrs 
from a single 1.5V D battery. 


Fig 8a shows a 15V-output converter that delivers up 
to 50 mA from a 6V battery. Efficiency is 78%. Feed¬ 
back controls the frequency of inductive events in this 
flyback converter. The inductor's output, rectified and 
filtered to dc, biases the feedback loop to establish a 
stable output. 

If the converter's output is below the loop's set point, 
IC 2 's inputs are unbalanced, and the current is fed 
through the 1-MH resistor at ICi. This ramps the 
1000-pF value positive (trace A, Fig 8b). When this 


26V 


24V 


22V 


18V 


14V 


10V 


T ~ -08,9 

-07 

620 

-06 

—vw—O 

i L—A^A^O 

i -*- X——o 

^ —O 



TO Q.-Q, 


-po.01 mF load 

(TYPICAL) 


CLK INPUT 
O 14.4 kHz y ^ 



r\ 


.. r\ 

A 

7445 

'C 4 

B C 

D 


15 





LOAD „ 

> CLK 

Qa 

ENABLE 

Qb 

UP/DOWN 

Qc 


Qd 

74190 


IC 3 

MIN/MAX 


14 


^ = GATES 0800-0004 
= TRW-MET-465-20.25 




Q 

CLK< 

VJ 

D 



74C74 1C, 


ic„ 


CLK< 

D 


¥ 


13 


3—Ov 


12 



(C) 


7 8 9 8 7 6 

LOGIC STATE 


A-D = 1 mSEC/DIV 
E-G = 100 aiSEC/DIV(UNCAL) 
A,C,E,G = 20V/DIV 
B = 50V/DIV 
D = 200V/DIV 
F = 10V/DIV 


Fig 10—A 28V battery can drive 115 V ac with this design. The circuit (a) sequentially switches segments of the battery stack into 
a fixed-gain, step-up voltage chopper. As a function of the sequencing logic’s state, the voltage going into the chopper (b) closely fits 
a sine wave. 
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Batteries drive 
400-Hz ac load 


ramp exceeds the 0.5V potential at IC/s positive input, 
the amplifier switches high (trace B). Q 2 comes on, 
discharging the 1000-pF capacitor to ground. Simulta¬ 
neously, regenerative feedback through the 210-pF 
capacitor causes a positive-going pulse at IC/s positive 
input (trace C), sustaining ICi’s positive output. Qi 
comes on, allowing inductor (Li) current to flow (trace 
D). When IC/s conduction pulse decays, Qi turns off. 
Then, the inductor's flyback effect pulls Q/s collector 
high (Trace E), and the energy in the inductor gets 
stored in the lOO-fJi-F capacitor. 

The 100-ijlF capacitor's voltage, which is the circuit 
output, gets sampled by IC 2 to close a loop around the 
ICi-Qi combination. This loop forces ICi to oscillate at 
whatever frequency maintains the 15V output. ICi's 
fixed output-pulse width prevents Li from ever saturat¬ 
ing and destroying Qi, The 0.1-|jlF capacitor at IC 2 
compensates the feedback loop, and the LT1004 serves 
as a reference. Regulation is within 0.05% over a wide 
range of output loads and temperature coefficient is 
typically 50 ppm/°C. The relatively high voltage/power 
output of this circuit suits mixed linear-digital systems. 

Single inductor yields two voltages 

Fig 9a shows a way to obtain positive and negative 
15V outputs from a single inductor. The circuit alter¬ 
nately allows one end of the switched inductor to supply 
energy to one of the regulators. The resultant positive 
and negative peaks get rectified, stored and regulated 
to produce a bipolar output. The 30-kHz clock drives 
the 74C74 flip flop, producing a square wave at Qi 
(trace A, Fig 9b). This waveform gets fed to the 74C00 
network. The RC networks between the chips prevent 
unwanted pulses caused by flip-flop delay. ICib and 
ICic's outputs appear as traces B and C, respectively, 
and bias Qi and Q 2 on and off. 

The logic alternately turns Qi and Q 2 off when the 
inductor flies back. Although the inductor's current 
(trace D, Fig 9b) always flows in the same direction, the 
alternating switching allows positive and negative fly¬ 
back action. Trace E shows Qi's collector, and trace F is 
Q 2 's output. The ringing, which is due to incomplete 
damping, is common in low-power converters and isn't 
deleterious to circuit operation. The LT1013 dual op 
amp and the FETs form a dual, low-dropout 15V 
regulator with 30-mA output capability. These niirror- 
image circuits function like the one shown in Fig 4c. 

Produce a 115V ac output from dc input 

Not all battery converters must produce a dc output. 
Some battery-driven systems need high-voltage, sine- 
wave-driven devices like small motors, gyros and syn¬ 
chros. Deriving high-voltage sine waves from a battery 
supply is possible with linear techniques, but efficiency 


is poor. Fig 10a shows a circuit that obtains 78% 
efficiency by sequentially switching segments of a 28V 
battery stack into a fixed-gain, step-up voltage chop¬ 
per. Fig 10b illustrates the voltage presented to the 
chopper as a function of the sequencing logic's state. 
The battery stack's segments provide the best sine- 
wave fit. 

Fig 10c details waveforms of operation. Trace A is 
the 14.4-kHz clock, which feeds the logic network. The 
logic generates nine discrete states, which bias Qi 
through Qs On sequentially. These transistors sequen¬ 
tially place portions of the battery stack at the input of 
the Q9, Qio, and Ti chopper. The 74C74 flip flop, ICia, 
directs the 74190 up-down counter to reverse directions 
each time it reaches zero, resulting \n a repetitive, 
rectified sine wave at the chopper input (trace B). The 
diodes in the transistor's collector line prevent reverse 
breakdown. A flip flop in ICib (trace C) alternately 
biases Qg and Qio On so that Ti receives alternating 
drive. Ti's output approximates a sine wave (trace D) at 
the voltage step-up of the transformer's ratio. 

In this case, the output is T15V ac, 400 Hz with a 
power capability of about 20W. The 0,01-|jlF capacitor 
shown in Fig 10a filters residual harmonics and may not 
be required for some loads. Traces E, F and G are 
increased-resolution representations of traces A, B and 
C. They clearly show the relationship between the clock 
and the chopper-input stepping. You can see the dissim¬ 
ilar amplitude steps, in accordance with the schema in 
Fig 10b. EDN 
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Settling-time measurements 
demand precise test circuitry 


Fast op amps and DIA converters make settlinpf-time measurement 
a mandatory design task. Buildinpf a test setup that handles 
such devices, thoupfh, requires a fundamental understandinpf 
of the components as well as the test instruments. 


Jim Williams, Linear Technology Corp 


Amplifiers in servo, digital/analog-converter, and data- 
acquisition applications require good dynamic response 
—in particular quick settling to a final value after an 
input step. This settling-time spec plays a key role 
because it allows you to establish circuit timing margins 
with confidence and to know that output data is valid. 
To develop accurate settling-time figures for your high¬ 
speed-amplifier circuits, though, you need high-perfor¬ 
mance test circuitry, and designing such testers can 
prove challenging. A look at the characteristics of one 
circuit that allows you to determine precise high-resolu¬ 
tion settling-time parameters illustrates the problems 
you must address. 

Watch for hidden flaws 

First, examine the problems you're likely to encoun¬ 
ter when designing test circuits for this purpose. The 
network in Fig 1 illustrates one method for measuring 
amplifier settling time (Refs 1,3, and 5). The resistors 
and amplifier form a bridge network, and the circuit 
uses a false-summing-node technique. Assuming ideal 
resistors, the amplifier output steps to -Vin when you 
apply an input pulse. While the signal slews, the diodes 
hold the scope probe's output constant to limit voltage 
excursions. When settling occurs, the scope probe's 
voltage would ideally equal zero, but because of divider 
attenuation, it equals one-half the settled voltage level. 


This circuit theoretically allows you to observe small- 
amplitude settling voltages. In practice, though, sever¬ 
al flaws prevent it from producing useful measure¬ 
ments. First, the circuit requires an input pulse with a 
top that's flat to within required measurement limits; 
you're generally interested in the time required for the 
amplifier's output voltage level to settle to within a 



Fig 1—Using the false-summing-node technique to mea¬ 
sure amplifier settling time, this test circuit uses the resistors 
and the amplifier to form a bridge-type network. However, it 
performs poorly with most available scope probes. 
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Scope aberrations from pulse 
generators can hide amp drift 


10-mV band in response to a lOV step input. However, 
general-purpose pulse generators don't hold output 
amplitude and noise within these limits. Thus, probes 
can pick up pulse-generator output aberrations that are 
indistinguishable from amplifier output movement, and 
so the resulting measurements are unreliable. 

Other problems arise from the scope connection. As 
probe capacitance rises, ac loading of the resistor 
junction influences observed settling waveforms. A 
probe with capacitance of 20 pF or less alleviates this 
problem, but its 10 x attenuation sacrifices oscilloscope 
gain. Furthermore, most lx probes aren't suitable 
because of excessive input capacitance. 

An active lx FET probe does work; clamp diodes at 
its probe point reduce voltage swing during amplifier 
slewing, thereby preventing excessive scope overdrive. 
Unfortunately, scope overdrive recovery characteris¬ 
tics vary widely and aren't usually specified. The di¬ 
odes' 600-mV drop can represent an unacceptable over¬ 
load for some scopes and bring displayed results in 
question. (See box, “Evaluating scope overload 
response.") 

Fig 2 shows a practical settling-time test circuit that 
addresses these problems. Combined with an appropri¬ 
ate scope, it provides reliable sett ling-time measure- 



Fig 3—By using a battery for the amplifier under test so 

that it floats from the main supply line, you can test both 
inverters and followers with the basic settling-time test circuit 

in Fig 2. 


15V LT1021-10 



Fig 2—Reliable settling-time measurements with accuracies in the 0.1 to 0.01% region are possible when you combine this test 
circuit with an appropriate scope. Input-pulse characteristics don’t influence the measurement. 


308 


EDN NOVEMBER 15, 1984 






























































merits with accuracies in the 0.1% to 0.01% region. The 
input pulse doesn’t drive the amplifier; instead it 
switches a Schottky bridge through a clamp. 

Two LT1021 lOV references bias the bridge. Depend¬ 
ing on input polarity, current flows through the appro¬ 
priate lO-kfl resistor to bias the amplifier’s summing 
point. The bridge switches cleanly and quickly, produc¬ 
ing a flat-topped current pulse that drives the amplifier 
under test (AUT). Note how input pulse characteristics 
no longer influence the measurement. A second clamp 
bridge supplies an opposite-polarity signal that’s nulled 
against the amplifier’s output at point B. Schottky 
clamp diodes limit the voltage excursion at point B to 
±300 mV. 

The Fig 2 circuit’s transistor configuration (Qi 
through Qs) forms a low-input-capacitance, high-speed 
buffer that drives the scope. Qia’s 1- to 2-pF input 
capacitance presents light ac loading and thereby elimi¬ 
nates probe-related problems. Qib operates as a current 


A = 5V/DIV 


B = 5V/DIV 


C = 5mV/DIV 
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20 NSEC/DIV^ 

Fig 4—Gain confidence in your test circuit by trying it out 
on a very fast UHF amplifier such as a Teledyne Philbrick 
1435. That device is spec’d to settle in 70 nsec, and these 
test results confirm the device spec. 


NOTES: 


AND D 2 ARE 1N4148S. 

D 3 TO Dg ARE HP5082/2810S. 
Q 3 AND ARE 2N3866S. 

Q 2 AND Qg ARE 2N5160S. 

Qg AND Qg ARE 2N2907s. 

Q, AND ARE 2N2369s. 
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VARIABLE DELAY 
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SKEW COMPENSATION <820 <820 


OUTPUT 

BUFFER 


Fig 5—Improve Fig 2*s performance by connecting this network to the test circuit’s output. The Schottky sampling bridge’s 
inherent balance, combined with matched diodes and high-speed complementary bridge switching, yields a clean switched output. 
The circuit permits 70-|x\/ measurements. 
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Solder very-high-speed amps 
directly to the test setup 


sink and compensates Qu’s Vgs drop. Transistors Qs 
through Qs form a complementary emitter follower that 
drives substantial cable capacitance without distortion. 

When building the circuit, make sure the pc board’s 
ground plane minimizes stray capacitance at points A 
and B. Because of this same effect, select a test-device 
socket with short leads. When dealing with high-speed 
amplifiers (with settling times less than 200 nsec), 
solder them directly to the board. 

Used with a matched scope, this circuit allows you to 
observe amplifier settling to 1 mV for a lOV step 
(0.01%). Because this circuit works by nulling opposite- 
polarity sources, you might think that it can’t test 
follower amplifiers. Not true. The AUT is battery- 
powered and floats relative to the circuit’s power supply 
(Fig 3). The AUT output connects to circuit ground, 
the battery center tap becomes the output, and the 
Schottky bridge drives the amplifier’s positive input. 


With this configuration, the circuit tests followers the 
way it does inverters. Note that the AUT’s output 
appears inverted. 

To calibrate the test circuit, ground point B and 
adjust the zero trim for OV output. Next, temporarily 
tie the pulse input to -I-15V through a 68011 resistor and 
adjust the null trim for OV output. Now remove the 
resistor and the circuit is ready for use. When measur¬ 
ing settling times, remember to experiment with Cf to 
obtain best performance (see box, “Proper compensa¬ 
tion is critical”). 

With such a high-precision circuit, you’ll want to test 
it before putting it to work on devices with unknown 
characteristics. You can gain confidence in the circuit by 
testing a very fast UHF amp such as a Teledyne 
Philbrick 1435, which is specified to settle within a 
millivolt for a lOV step in 70 nsec. Fig 4 shows the 
results of a trial run; trace A is the input pulse, B is the 


Evaluating scope overload response 


Settling-time measurements rely 
heavily on the oscilloscope used. 
In many cases, the scope must 
supply an accurate waveform 
after the display has been driven 
off the screen. How long must you 
wait after an overload before tak¬ 
ing the display information seri¬ 
ously? The answer to this ques¬ 
tion is quite complex. 

Many factors come into play: 
the degree of overload, its duty 
cycle, its magnitude in time and 
amplitude as well as other consid¬ 
erations. Scope response to over¬ 
load varies from model to model, 
and you can also observe mark¬ 
edly different behavior in each in¬ 
strument. For example, the recov¬ 
ery time for a given overload at 
0.005V/div sensitivity can differ 
considerably from that at 0.1 V/dIv. 
The recovery characteristic can 
also vary with waveform shape, 
dc content, and repetition rate. 
With so many variables, you obvi¬ 
ously have to approach measure¬ 
ments involving scope overload 
with caution. Fortunately, a simple 
test, illustrated in the figure, indi¬ 
cates when overdrive deteriorates 


scope performance. 

First, place the waveform to be 
expanded on the screen with ver¬ 
tical sensitivity set to eliminate all 
off-screen activity (a). Assume 
you want to expand the lower right 
portion and therefore increase 
verticai sensitivity by a factor of 
two. Doing so, however, drives 
the waveform off the screen (b), 
but the remaining display seems 
reasonable: Amplitude has dou¬ 
bled, and waveshape is consistent 
with the original display. A careful 
look reveals a dip in the waveform 
at about the third vertical division 
as weli as some disturbances to 
the right of the dip. All in all, this 
expansion of the original wave¬ 
form is believable. 

Increasing gain even further, as 
in c, amplifies all the features of b. 
The basic wave shape appears 
more clearly, and the dip and 
small disturbances are also easier 
to see. However, no new wave¬ 
form characteristics become visi¬ 
ble. On the other hand, when you 
again increase vertical sensitivity 
by a factor of two, some unpleas¬ 
ant surprises appear (d). 


This gain increase causes defi¬ 
nite distortion. Although larger, 
the initial negative peak has a 
different shape—the bottom isn’t 
as broad as in c. In addition, the 
positive peak’s recovery has a 
slightly different shape, and a new 
rippling disturbance is visible in 
the center of the screen. Such 
changes indicate that the scope is 
having trouble, and an additional 
test confirms that overloading in¬ 
fluences this waveform. 

Without changing the vertical 
gain, use the vertical position 
knob to relocate the display at the 
bottom of the screen (e). Dping so 
shifts the scope’s dc operating 
point, which under normal circum¬ 
stances should have no effect on 
the displayed waveform. In this 
case, though, a marked shift in 
waveform amplitude and outline 
occurs. Repositioning the wave¬ 
form to the top of the screen (f) 
produces a different type of wave¬ 
form distortion. Thus, it’s obvious 
that for this waveform you can’t 
get accurate settling-time test re¬ 
sults using a 0.1 V/div gain setting. 
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amp's output, and C is the settled signal. Settling 
occurs within 70 nsec. This indicates sound agreement 
between the test-circuit results and the AUT specs. 
Because most amps aren't nearly this fast, you can 
assume that the circuit provides reliable results. 

Settling time requirements increase 

In the past, designers rarely had to worry about 
measuring amplifier settling levels below 1 mV. This is 
not the case today: 16- and 18-bit D/A converters are 
common, and designers must deal with settling times to 
submillivolt levels. Furthermore, until recently you 
didn't have to worry about measuring amplifiers' set¬ 
tling times to within 50 |jlV because their thermal drift 
swamped such values. Today, however, monolithic am¬ 
plifiers' offset specs make very high precision settling¬ 
time data an important parameter. 

Obtaining higher precision measurements with Fig 


2 ’s circuit requires some modifications. The 300-mV 
Schottky clamp potential at point B limits its resolution 
to 0.01%. Trying to improve resolution by increasing 
scope gain doesn't work because of severe overload 
problems. With the scope set to 50 juiV/division, the 
Schottky boundary allows a 6000:1 overdrive, but no 
scope vertical amplifier can accommodate such levels. 
Scope overload recovery dominates the observed wave¬ 
form, making all measurements meaningless. 

One way around this problem is to clip the incoming 
waveform. By preventing the scope from seeing the 
waveform until settling is nearly complete, you avoid 
overload conditions. To clip the waveform, place a 
switch at the settling circuits' output and control it with 
an input-triggered variable delay. Don't use FET 
switches: Their gate-source capacitance allows gate- 
drive perturbations to corrupt the scope display and 
produce confusing readings. In the worst case, gate- 




To detect whether overdrive adversely affects scope performance, you can run a simple test in which you gradually increase scope 
sensitivity until waveform distortion appears. 
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Null opposite polarity sources 
to handle followers as well 


drive transients become large enough to induce over¬ 
load and defeat the switch’s purpose. 

Fig 5 illustrates a switch implementation that elimi¬ 
nates these problems. Connected to Fig 2’s measure¬ 
ment network, this circuit allows you to observe set¬ 
tling to within 10 (jlV. The Schottky sampling bridge 
provides the switching action, and its inherent balance, 
combined with matched diodes and high-speed comple¬ 
mentary bridge switching, yields a clean switched 
output. An output buffer stage identical to that in Fig 
2 ’s circuit unloads the bridge and drives the scope. 

The QrQ2 and Q3-Q4 level shifters supply the switch¬ 
ing drive for the complementary bridge. Including an 
emitter-switched current source feeding a Baker- 
clamped common emitter output, each circuit converts 
the variable-delay one-shot’s TTL output to ±5V lev¬ 


A = 10V/DIV 
B = 10V/DIV 


C=10V/D|V 

D=W/DIV 

E=100 / 4 V/DIV 


IO/ 4 SEC/DIV—► 

Fig 6 —Measurements of an amplifier’s settling time using 
the Fig 5 test circuit show the ampiifier capabiiities. A LT1001 
op amp sees the input in A and produces the output in B. 
Ouring its siewing, the one-shot fires (C) and turns off the 
bridge, whose input is in trace D. Trace E shows the circuit’s 
finaf output at a verticai sensitivity of 100 [iV/div. 


100 / 4 V/DIV 


10 / 4 SEC/DIV 

Fig 7—Thermal tails such as this one, which extends for 
many miiiiseconds after settiing apparentiy occurs, arise 
from die heating. 




TYPICAL AMPLIFIER SETTLING-TIME FIGURES 


AMPLIFIER 

SETTLING T|ME(nSEC) 

REMARKS 

LT1001 

65 


LT1007 

18 


LT1008 

65 

STANDARD COMPENSATION 

LT10P8 

35 

FEEDFORWARD COMPENSATION 

LT1012 

70 


LT1055 

6 


LT1056 . 

5 



els. Feedforward capacitance to the output transistor 
increases speed—overall delays are roughly 3 nsec. 
These level shifters must switch simultaneously to 
minimize drive-induced disturbance in the bridge’s out¬ 
put. The skew compensation trims allow you to make 
minor phasing adjustments in each level shifter and 
thereby compensate for skews in the 74123’s outputs. 

To calibrate this circuit, ground the bridge input and 
pulse the 74123’s Ci input. Now set the scope to 100 
mV/div and adjust the skew trims for minimum indica¬ 
tion on the screen. Connect the bridge input back to the 
settling circuit’s output and it’s ready for use. Exercise 
extreme care when constructing this circuit. A ground 
plane is mandatory, and keep all bridge connection^ as 
short as possible. To minimize noise, route the bridge’s 
output ground return away from high-current returns 
such as the 74123’s ground pin. 

Combined with the settling-time measurenjent net¬ 
work in Fig 2, this switch circuit provides performance 
adequate for today’s amps: The table lists settling 
times measured at 50 (xV/div (0.0005% of a lOV step) 
for a group of precision amplifiers, and Fig 6 shows test 
results for one of these devices, the LTIOOI. Traces A 
and B show the input pulse and the AUT output, 
respectively. The 74123 one-shot fires during the AUT’s 
slewing period (trace C represents the one-shot’s Q 
output), turning off the bridge. (Trace D shows the 
bridge input.) The 74123 delay is set so the bridge 
switches when settling is nearly complete. Trace E, the 
circuit’s final output, shows settling details at 100 
|jLV/div. The narrow peaking at the waveform’s leading 
edge arises from sv^itching residue. 

Watch for temperature problems 

When making settling-time measurements, you must 
always consider temperature effects. Some poorly de¬ 
signed amplifiers exhibit substantial thermal tails after 
responding to an input step. Generated by die heating, 
this phenomenon can cause the output to wander out¬ 
side desired limits long after the amplifier has appar¬ 
ently settled. After checking settling time at high 
speeds, it’s always a good idea to slow the scope down 
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Proper compensation is critical 


To realize the best settling-time 
performance from any ampiifier, 
you must specify the feedback 
capacitor (Cf) carefully. This com¬ 
ponent roiis off ampiifier gain at 
the frequency that provides the 
best dynamic respohse, and its 
optimurn vaiue depends on the 
feedback resistor’s vaiue and 
source characteristics. 

Unfortunateiy, one of the most 
commoh sources—a D/A convert¬ 
er—is aiso ohe of the most difficult 
to handle. In many cases, you 
must convert a D/A converter’s 
current output to a voltage. You 
can easily do so with an op amp, 
but careful design techniques are 
pararhount if you hope to obtain 
good dynamic performance. 

A fSst D/A converter can settle 
to 0.01% in 200 nsec. However, 
its Output also includes a parasitic 
capacitahce that makes the ampli¬ 
fier’! job more difficult. Normally, 
the D/A converter’s current output 
unloads directly into the amplifi¬ 
er’s Summing junction and thus 


effectively places a parasitic ca¬ 
pacitance across the amplifier 
input. This capacitance introduces 
feedback phase shift at high fre¬ 
quencies, forcing the amplifier to 
hunt and ring about the final value 
before settling. 

D/A converters have various 
output - capacitance values: 
CMOS devices have the highest 
output capacitance, which varies 
with the input code. Bipolar D/A 
converters typically have 20 to 30 
pF of capacitahce, but it’s stable 
over all codes. Given their output 
capacitance characteristics, D/A 
converters provide an instructive 
example for illustrating the impor¬ 
tance of amplifier compensation. 

To study this effect, you can use 
the settling-time measurement cir¬ 
cuit shown in Fig 2 of the accom¬ 
panying article, but replace the 
Schottky bridge that feeds the 
amplifier under test (AUT) with the 
D/A converter in question. De¬ 
pending on the D/A converter 
input coding, you might have to 


uSe inverters on the input lines to 
maintain nulling action. The near¬ 
by scope photos show the re¬ 
sponse of a DAC-80 combined 
with an LT1023 op amp optimized 
for inverting applications. In all 
cases, trace A shows the input 
while B and C show the amplifier 
and settling outputs, respectively. 

With no compensation capaci¬ 
tor (a), the amplifier rings badly 
before settling. An 82-pF feed¬ 
back capacitor stops the ringing, 
and settling time drops to 4 (j,sec 
(b). This overdamped response 
indicates that Cf dominates the 
capacitance at the AUT’s input, 
and stability is assured. If the re¬ 
sponse in b isn’t fast enough, then 
reduce Cf. For instance, using a 
22-pF compensation capacitor 
yields the critically damped re¬ 
sponse shown in c. The 2-fxsec 
settling time shown is the best 
obtainable with this converter/am¬ 
plifier combination. 



1V/DIV 


1 /iSEC/DIV 



2 fiSEC/DlV 


The right feedback capacitor can improve settling-time perfor¬ 
mance. This series of scope photos illustrates output settling for a 
DAC-80; in each case trace A is the input, while traces B and C 
are the amplifier and settling-time-measurement circuit Outputs, 
respectively. The three photos show a wide range of capacitance 
values—including no compensating capacitance (a), an over¬ 
damped condition with an 82-pF capacitor (b), and a critically 
damped response (c) using 22 pF. 


10 mV/DIV 


1 ^SEC/DIV 
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Properly compensated amplifiers 
have optimum settling times 


and look for thermal tails; Fig 7 shows such a thermal 
tail. To get a better view of the tail, in most cases you 
can accentuate its effect by loading the amplifier’s 
output. EDN 
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Circuits allow direct digitization 
of low-level transducer outputs 

Designers like to digitize analog si£fn(ds as far forward in the 
signal chain as possible, but many believe that dc preamps are 
mandatory. Fart I of this 2-part series describes circuits 
that digitize low-level signals without preamplification. 


Jim Williams, Linear Technology Corp 

Almost all transducers produce low-level signals, and 
designers typically use signal-conditioning amplifiers to 
boost the output prior to further processing or trans¬ 
mission. However, many systems now transmit trans¬ 
ducer outputs digitally to reduce noise and eliminate 
the inaccuracy problems associated with analog trans¬ 
mission over long cable runs. In fact, designers want to 
digitize signals as far forward in the signal chain as 
possible, and although you might believe that dc 
preamplification of transducer outputs is still mandato¬ 
ry, such is not the case: New components and design 
techniques allow you to digitize directly at the 
transducer. 

This 2-part series details such circuit techniques, 
which you can use to digitize low-level transducer 
outputs and eliminate the traditional dc gain stage 
without sacrificing performance. The circuits produce 
serial frequency outputs that you can transmit over one 
wire with the characteristic noise immunity of digital 
systems. Part I discusses methods of handling the most 
common transducer quantities: temperature and force. 
Part II (scheduled for January 10, 1985) will discuss 
similar methods for handling light, humidity, level, and 
acceleration. 

Obviating dc preamplification 

Before moving on to these techniques, iPs worth¬ 
while to examine the reason why most designers feel dc 
preamplification is necessary. Classical A/D-conversion 
techniques emphasize high-level input ranges to keep 
LSB step sizes as large as possible and thus minimize 
offset and noise errors. For this reason, A/D LSB size is 
almost always greater than a millivolt, with 100- to 
200 -|jlV/LSB step sizes in some lOV FS devices. 


Now consider the minimum A/D-converter step size 
required for direct digitization of the output of a typical 
strain-gauge transducer. The device’s full-scale output 
is 30 mV, so a 10-bit A/D converter must have an LSB 
increment of only 30 |jlV. Performing a 10-bit conver¬ 
sion on a type-K thermocouple monitoring a 0 to 60°C 
environment proves even more stringent. The thermo¬ 
couple generates 41.4 |xV/°C over the 0 to 60°C range. 
The following equation determines the LSB increment: 

41.4 ^Yrc X eo^’C ^ 

- ^^3000 -= 

These step sizes are far smaller than those found in 
commercially available A/D converters, leading some 
designers to conclude that it’s impossible to digitize the 
step sizes without dc preamplification. But circuitry 
designed specifically for that task directly digitizes the 
outputs from these transducers (and others) to stable 
10 -bit resolution. 

Start with an IC temperature sensor 

The straightforward circuit shown in Fig 1 converts 
an LM134 temperature sensor’s current output to a 
corresponding output frequency. The sensor pulls a 
temperature-dependent current (0.33%/°C) from ICi’s 
positive input node. This point, biased from the LM329- 
driven resistor string, responds with a temperature- 
dependent voltage that varies the operating point of 
ICi, which is configured as a self-resetting integrator. 
ICi integrates the LM329-referenced current into its 
summing point and produces a negative ramp. When 
the ramp amplitude becomes large enough, the transis¬ 
tors turn on, thereby resetting the feedback capacitor 
and forcing ICi’s output to zero. When the capacitor’s 
reset current goes to zero, the transistors turn off, and 


EDN NOVEMBER 29, 1984 


183 





Designers like to digitize 
early in the signal chain 


ICi again begins to integrate negatively. 

This oscillation's frequency depends on IC/s dc oper¬ 
ating point, which varies with the LM134's tempera¬ 
ture. The circuit's dc biasing values are such that a 0 to 
100°C temperature excursion produces a 0- to 1-kHz 
output. In addition, a voltage of only 2V appears across 
the LM134, minimizing sensor errors related to power 
dissipation. 

For interfacing purposes, the differentiator/transis¬ 
tor network at ICi's output provides a TTL-compatible 
output. To calibrate this circuit, place the LM134 in a 
0°C environment, and trim the 0°C adjustment for a 
0-Hz output. Then put the sensor in a 100°C environ¬ 
ment and set the 100°C adjustment to a 1-kHz output. 
Repeat this process until both points are fixed. When 
properly constructed and calibrated, this circuit 
achieves a stable 0. resolution with accuracy. 

If you prefer thermocouples to IC temperature sen¬ 
sors, consider the temperature/frequency converter 
shown in Fig 2, which uses the popular type K thermo¬ 


couple. That sensor's extremely low output (41.4 
|jlV/°C) and the requirement for cold-junction compen¬ 
sation make it one of the most difficult transducers to 
digitize directly. This approach uses the 50-nV/°C input 
offset drift of the LTC1052 chopper-stabilized amplifier 
(ICi). Besides providing cold-junction compensation for 
the thermocouple over a 0 to 60°C range, the design 
achieves ±VC accuracy with O.T resolution. 

In this approach, the thermocouple biases ICi's posi¬ 
tive input. ICi then drives a crude V/F converter (IC 2 ) 
comprising several 74C04 inverters and associated cir¬ 
cuitry. Each V/F output pulse causes the 100-pF capac¬ 
itor to dispense a fixed charge into the 1-|jlF capacitor 
via the LTC1043 switch. The larger capacitor inte¬ 
grates the charge packets and produces a dc voltage at 
ICi's negative input. That amp's output forces the V/F 
converter to run at a frequency that balances its inputs. 
This feedback action eliminates drift and nonlinearities 
in the V/F converter, and the output frequency is a 
function only of the dc conditions at the amp's inputs. 
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(b) 


A = 100 mV/DIV 
B = 10V/DIV 

C = 10V/DIV 

D = 10/4A/DIV 



200 /iSEC/DIV 


Fig 2—The low output levels and cold-junction compensation requirements of K thermocouples render those devices’ outputs 
tough to digitize directly. This circuit reties on tC/s low input offset drift to accomplish that task. The thermistor and several resistors 
perform the coid-junction compensation and offsetting functions. 
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Sensor outputs are much lower 
than typical A/D LSB size 


To stabilize the feedback loop, the 3300-pF capacitor 
forms a dominant response pole for ICi. Furthermore, 
the amp^s low drift eliminates offset errors in the 
circuit, despite an LSB value of only 4.14 |jlV (per 

o.rc). 

To effect cold-junction compensation for the K ther¬ 
mocouple, thermistor Rt and the l.S-kfl, 1870, 4870, 
and 301-kO resistors form a compensation network 
that's biased from the LT1004's 1.2V reference. In 
addition to cold-junction compensation, the network 
provides offsetting so that a 0°C sensor temperature 
yields a 0-Hz output. 

Ramp frequency varies with temperature 

Fig 2b details circuit operation. IC/s output drives 
the 33-kO/0.68-|jLF combination, which produces a ramp 
(trace A) across the capacitor. When the ramp crosses 
inverter IC 2 A s threshold, the cascaded inverter chain 
switches to produce a low output at inverter IC 2 E (trace 
B). This action causes the 0.68-|jlF capacitor to dis¬ 
charge through the diode, resetting the capacitor to OV. 
To ensure a clean reset, the 820-pF unit sends positive 
ac feedback to IC 2 b’s input (trace C). This ramp/reset 
sequence's frequency varies with ICi's output, which 
varies with the temperature at the sensor. 

The inverter not located in the V/F converter's chain 
(IC 3 ) controls the LTC1043 switch and thereby closes 
the loop around the amp. When ICs's output is High, 
the switch connects pins 2 and 6, allowing the 100-pF 
capacitor to receive charge from the LT1004's 1.2V 
reference. When IC 3 goes Low, the switch connects pin 
2 to pin 5, and the 100-pF capacitor completely dis¬ 
charges (trace D) into the 1-|jlF unit. Because the 
amount of charge the capacitor delivers is constant for 
each cycle (Q=CV), the voltage to which the 1-|jlF 
capacitor charges is a function of frequency and dis¬ 
charge-path resistance. 

This voltage is summed with the LT1004-derived 
offsetting potential at ICi's negative input, thus closing 
the amplifier loop. The -120-ppm/°C drift of the 
100-pF, charge-dispensing polystyrene capacitor is 
compensated by the opposing temperature coefficient 
of the resistors in the 1-|jlF capacitor's discharge path. 
This selection achieves a typical circuit gain drift of 20 
ppm/°C, allowing less than 1 LSB (O.TC) output drift 
over a 0 to 70°C ambient operating range. 

The thermocouple's characteristics, combined with 
ICi's low offset and the components specified for the 
cold-junction/offsetting network, eliminate the need for 
zero trimming. You calibrate the circuit by placing the 
thermocouple in a 60°C environment and adjusting the 
50-kn potentiometer for a 600-Hz output. Beyond 60°C, 
the cold-junction network departs from the thermocou¬ 
ple's response, and output error increases rapidly. And, 
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although the digital output varies with thermocouple 
temperature over hundreds of degrees, you must still 
linearize the system with a monitoring processor. 

Finally, note that this circuit directly converts any 
low-level, single-ended signal. By removing the offset¬ 
ting/cold-junction network and tying the 50-kn potenti¬ 
ometer to ground, you can apply inputs to ICi's positive 
terminal as well. The design then produces an output 
that% accurate to 10 bits with a full-scale range of only 1 
mV (1 |jlV/LSB). Furthermore, ICi's high-impedance 
input allows you to filter or clamp input signals without 
introducing error. 

The circuits discussed thus far all use standard 
temperature transducers,, but they have difficulty in 
handling such extreme conditions as wide temperature 
ranges. The circuit shown in Fig 3 uses an unusual 
transducer that accommodates a wide input range; it 
measures temperature by exploiting the relationship 
between the temperature and the speed of sound in a 
medium. The equation representing this relationship is 

C = 331.5^^ M/SEC, 

where C is the speed of sound and T is expressed in 
degrees Centigrade. Such acoustic thermometry finds 
uses, for example, in cryogenics and nuclear reactors. 
In addition, you can build acoustic temperature stan¬ 
dards by operating the acoustic transducer in a sealed, 
known medium. 

An acoustic thermometer's inherent time-domain op¬ 
eration suits direct digitization. In Fig 3a's circuit, ICi 
and the inductor form a simple flyback, regulated 200V 
source that biases the acoustic transducer, which is a 
Polaroid ultrasonic element. You mount the transducer 
at one end of a sealed, 6-in.-long Invar tube; the Invar 
material minimizes mechanical tube deformation that 
occurs as a function of temperature. The medium inside 
the tube is dry air. In this configuration, you may think 
of the ultrasonic element as a capacitor, composed of an 
insulating disk with a conductive coating on each side. 

The circuit operates in this fashion: Each time the 
TTL clock (trace A in Fig 3b) goes High, the transducer 
receives ac drive from the 0.22-|jlF capacitor. This drive 
causes the disk to move and emit ultrasonic energy. 
Simultaneously, the clock input sets the 74C74 flip 
flop's output (trace E) Low and pulls the 0.01-|jlF 
capacitor to ground. This discharge cuts off drive to the 
comparator IC 3 's 3-kn output pullup resistor (trace C), 
forcing its output (trace D) to zero. 

When the clock's output is positive, IC 2 saturates 
(trace B). When the clock pulse returns to zero, ICi 
amplifies in a linear manner. The ultrasonic transducer 
now acts like a capacitance microphone, with the 200V 
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10 pF 15V 



(b) 


A = 20V/DIV 

B = 20V/DIV 

C = 20V/DIV 

D = 20V/DIV 

E = 20V/DIV 



200 /^SEC/DIV 


Fig 3—An ultrasonic sensor measures temperature by exploiting the relationship between the speed of sound in a medium and 
temperature. The sensor uses an ultrasonic element ^s its active transducer element. The flip flop’s output pulse width varies with 
temperature, and you can use digital circuitry to convert it to temperature information. 
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K thermocouples’ low output levels 
complicate digitization 


• supply providing bias voltage. Residual disk ringing 
now appears at IC2's output, but it can't trigger IC3, 
because the 0.01-p.F capacitor hasn't charged high 
enough to allow the inverter chain's output to bias ICa's 
output pullup resistor. 

The emitted ultrasonic energy travels down the tube, 
bounces off the far end, and heads towards the trans¬ 
ducer, Before the energy returns, though, the O.Ol-jxF 
capacitor's potential crosses the inverter's threshold, 
and the inverter chain applies 15V to ICs's S-kfl resistor 
(trace C). Upon returning, the sonic energy mechani¬ 
cally displaces the transducer to force a capacitance 
shift. This shift causes a charge displacement into IC 2 's 
summing point, and the amp's output responds with an 
amplified version of this signal (trace B). ICa's output 
(trace D) now triggers and resets the flip flop, whose 
output pulse (trace E) represents the transit time down 
the tube. This time varies with temperature according 
to the earlier equation, and a processor can convert the 
pulse width into temperature information. 

You can see the second return bounce, which is lower 
in amplitude, at the extreme right side of trace B. Also 
note the increased detected noise level after the first 
bounce returns; this noise is caused by sonic-energy 
dispersion inside the tube. The transducer picks up 
energy that's phase shifted from the desired signal and 
deflected from the tube walls. IC3 responds to these 
unwanted signals, but the circuit's final pulse output is 
unaffected. In addition, the time-window gating sup¬ 
plied to ICs's pullup resistor greatly reduces the likeli¬ 
hood of false triggering that may be caused by noise 
coming from outside the tube. 

No strain to measure force 

One final example deals with another common trans¬ 
ducer variable: force. Strain-gauge transducers, which 
typically handle pressure or force, are often bridge- 
based sensors that produce full-scale outputs of 3 mVA^ 
of bridge drive. Fig 4 shows one way to digitize directly 
a strain-gauge bridge's output to 10-bit accuracy, al¬ 
though the bridge's differential output complicates the 
required converter input structure. With this resolu¬ 
tion, you achieve a 25-|jiV LSB increment for a 7.5V 
bridge drive, which is considerably larger than that of 
the thermocouple examples but is still far below the 
requirements of conventional A/D converters. 

ICi and the 2N2905 transistor drive the bridge. One 
of the bridge's outputs connects to IC/s negative input, 
and that amp drives the transistor to bias the bridge at 
a voltage that brings its negative input to ground 
potential. Voltage drops from the diodes in the bridge's 
-5V return line allow the transistor to force the voltage 
on the bridge's positive end high enough to balance 
ICi's inputs. This arrangement permits sensing of the 


bridge's other output in a single-ended, ground-re¬ 
ferred fashion. Although a slight error exists because of 
ICi's offset voltage, you eliminate it by referring the 
converter's input to ICi's negative input rather than to 
ground. 

The design's A/D converter, which uses a current¬ 
balancing technique, consists of IC 2 , a flip flop, and 
some gates. Again, you rely on the chopper-stabilized 
LTC1052's 50-nV/°C input drift to implement the low- 
level input A/D function. To examine the circuit's 
operation, assume that the flip flop's Q output (trace B 
in Fig 4c) is Low and connects LTC1043 pins 11 and 12 
to pins 7 and 13, respectively. The main current switch 
passes no current because a 3.3-Mfi resistor is placed 
across IC 2 's inputs. The current-loading compensation 
switch also puts a 3.3-MD value across the l-kD divid¬ 
er/resistor, reducing the voltage across it by 0.03%. 

Under these conditions, the only current into IC 2 's 
summing point comes from the bridge via the 470-kD 
resistor. This positive current forces IC 2 's output (trace 
A) to integrate negatively. This ramp continues and 
finally passes the flip flop's switching threshold. At the 
next clock pulse (trace C), the flip flop changes state 
(trace B) and causes the LTC1043 to reverse switch 
positions. At this point, the 3.3-Mfl resistor controlled 
by the current-loading compensation switch discon¬ 
nects from the l-kO resistor, but the 3.3-MD value 
controlled by the main current switch replaces it. The 
0.03% loading of the 3.3-Mn resistor, combined with 
this switching scheme, eliminates sags or loading ef¬ 
fects across the l-kD resistor during switching. As a 
result, a quickly rising, precise current flows from IC 2 's 
summing point. 

This current, scaled to be greater than the bridge's 
maximum output, forces IC 2 to integrate positively. 
Switching occurs at the first clock pulse that appears 
after IC 2 's output has crossed the flip flop's triggering 
threshold, and the entire cycle repeats. Because the 
reference current is fixed, the flip flop's duty cycle is a 
function only of the bridge's signal current into IC 2 's 
summing point. The reference current comes from the 
bridge drive indirectly through the 22.3-kn/l-kn divid¬ 
er. Consequently, the A/D converter's reference cur¬ 
rent varies ratiometrically with the bridge output, 
eliminating errors caused by variations in bridge drive. 

The flip flop's output gates the clock to produce 
output A (trace D). To eliminate spurious output pulses 
caused by flip-flop delay, the 10-kfl resistor combines 
with the output gate's input capacitance to delay the 
clock signal slightly. To extract the circuit's data output 
(the ratio of output A to the clock frequency), you can 
use counters. 

You must observe several facts when setting up and 
using this circuit. First, because the output is ex- 
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(C) 



2 /^SEC/DIV 


Fig 4—Although a strain-gauge bridge transducer's output is larger than that of a thermocouple, it’s still too small for most A/D 
converters. This direct’digitization circuit maintains 10-bit accuracy, and if your transducer requires it, you can accomplish 
transducer zero trimming with an optional network (b). 
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Use the medium’s speed of soimd 
to measure temperature 


pressed as a ratio, clock frequency stability is unimpor¬ 
tant. Next, you select a 470-kn input resistor at IC 2 to 
produce less than 1-LSB loading error on the strain- 
gauge bridge, which receives only about 7.5V of drive 
because of the deliberate resistor and diode drops in its 
supply lines. 

At a 3-mV output per volt of bridge drive, the 
full-scale signal is 22.5 mV, producing a current of 
0.0225V/470 kll, or 48 nA. To maintain 10-bit accuracy, 
leakage and amplifier bias current into A 2 's summing 
point must be less than 0.1% of this figure, or 48 pA. 
Although IC 2 's bias current is much lower than this 
level, board leakage can cause trouble. Be careful 
during layout, and keep the board clean. The best way 
to do so is to use a Teflon standoff for all summing-point 
connections. 

As another layout consideration, place the 470-kn 
and 3.3-Mn resistors associated with IC 2 's negative 
input as close as possible to the IC pin. Note also that 
the 3.3-Mn current-summing resistor switches to IC 2 's 
positive input when not sourcing the summing point. 
This seemingly unnecessary connection prevents small, 
stray 60-Hz and noise currents from coupling to IC 2 's 
summing point when the current reference is off; not 
making this connection produces jitter in the LSB. 

After laying out the circuit, you^ll want to trim it. 
You can accomplish gain trimming by varying the 
22.3-kn resistor. If your strain gauge requires zero 
trimming, use the optional network shown in Fig 4b. 
When properly trimmed, the circuit typically maintains 
10-bit outputs within 1-LSB accuracy over the 0 to 70°C 
range. This small error arises primarily from the 
tracking errors of the starred resistors. EDN 


Author’s biography 



Jim Williams, staff scientist at 
Linear Technology Corp 
(Milpitas, CA), specializes in 
analog-circuit and -instrumen¬ 
tation design. He has served 
in related capacities at Nation¬ 
al Semiconductor Corp, Arthur 
D Little Inc, and the Instru¬ 
mentation Development Lab 
at the Massachusetts Institute 
of Technology. Jim is a former 
student of psychology at 
Wayne State University, and he enjoys tennis, art, and 
collecting antique scientific instruments. 


Article Interest Quotient (Circle One) 
High 482 Medium 483 Low 484 


190 


EDN NOVEMBER 29, 1984 








Digitize transducer 
outputs directly at 
the source 


Designers are searching for ways to digitize 
transducer outputs at the transducer itself 
In Part 1 of this series, we described some 
circuit-design techniques that did the job 
for pressure and force transducers. Other 
physical properties — humidity, lipfht, level, 
and acceleration—are subject to such 
desipfn innovations as well. 


Jim Williams, Linear Technology Corp 

Digitizing transducer outputs far up in the signal chain 
is highly desirable—but tricky. Part 1 of this 2-part 
series demonstrated that iPs possible to digitize direct¬ 
ly at the transducer, without resorting to dc pre¬ 
amplification. It then described circuits that digitize 
the outputs of such common transducers as those that 
measure temperature and force. This second install¬ 
ment examines methods of digitizing outputs of trans¬ 
ducers that detect light, humidity, surface levels, and 
acceleration. 

Because of their extremely wide dynamic range, 
photodiodes generate outputs that are particularly dif¬ 
ficult to digitize. High-quality devices furnish linear 
current outputs over a 100-dB range, and directly 
digitizing these outputs while maintaining that dynamic 
range would require 17-bit A/D converters as well as 
current/voltage input amplifiers. To mitigate the effects 


of this restriction, one common alternative approach 
calls for the compression of the diode’s output with a 
logarithmic current/voltage input amplifier. This ap¬ 
proach allows you to use a lower-resolution A/D con¬ 
verter, saving you the cost of a 17-bit A/D converter. 
However, nonlinear outputs aren’t convenient to work 
with, and log amps respond slowly and can degrade 
performance in some photometric measurements. 

The circuit shown in Fig la provides another alterna¬ 
tive. It directly converts a photodiode’s current output 
to a frequency output that has a 100-dB dynamic range. 
An optical input of 20 nW to 2 mW produces a linear, 
calibrated output of 20 Hz to 2 MHz. The circuit 
responds quickly to input steps, yet it costs little to 
implement. 

Modified I/F converter does the trick 

In operation, the photodiode’s output current feeds a 
modified high-frequency version of a Pease charge- 
pump I/F converter. The output current biases amplifi¬ 
er ICi’s negative input, causing the amp’s output (Fig 
lb, trace A) to ramp down. When ICi’s output crosses 
zero, comparator IC 2 ’s output (trace B) goes low. (The 
comparator’s high-frequency response is aided by the 
200-pF/1.8-kD network at the positive input.) The 
LT1009 diode and its associated diode bridge limit IC 2 's 
output to -3.7V. When IC 2 ’s output goes low, it also 
provides ac positive feedback to its positive input (trace 
D). Additional ac positive feedback comes from transis¬ 
tor Qs’s collector (trace C). 

During this interval, the 47- and 5-pF capacitors pull 
charge from ICi’s summing point (trace E). This action 
causes ICi’s output to switch rapidly in a positive 
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Aimed at li£fht-sensin£f applications, 
an IIP circuit converts a photodiode’s 
output current to a frequency sipfnal 
with a 100-dB dynamic ranpje. 


direction, and this event in turn switches IC 2 after the 
positive feedback around it has decayed. Now the 
LT1009 and its associated diode bridge limit IC 2 's 
output to +3.7V. As the capacitor pair receives charge, 
ICi’s summing junction recovers, and the entire cycle 
repeats at a frequency linearly related to photodiode 
output current. 

While Di and D 2 compensate the bridge diodes, 
transistor Qi compensates transistor Q 2 . These two 
transistors, connected as diodes (Q 2 operates as a 
steering diode), provide lower leakage current than 
standard components. Comparator IC 3 provides protec¬ 
tion against circuit latchup—a precaution made neces¬ 
sary by the circuit's ac-coupled feedback loop. If latch¬ 
up occurs, ICi's output saturates low, causing ICs's 
emitter-follower-connected output to go high. This 
change forces ICi's output positive and initiates normal 
circuit operation. 

The LT1021-10 reference biases the photodiode to 
obtain optimum optical response. To trim this circuit, 
place the photodiode in a completely dark environment. 
Trim the dark-current adjust control so that the circuit 
oscillates at the lowest possible frequency—typically 1 
to 2 Hz. Next, apply or electrically simulate a 2-mW 
optical input and trim the 5-pF adjust control for a 
2-MHz output. If the adjustment falls outside the 
trimmer's range, alter the 47-pF capacitor's value. 
Once calibrated, this circuit maintains 1% accuracy over 
the photodiode's 100-dB range, and photodiode charac¬ 
teristics—and not the circuit—limit accuracy. Fig Ic 
shows the circuit's dynamic response to a fast light 
pulse (trace A); note that the frequency output settles 
within 1 jxsec on both edges. 

Humidity transducers pose problems 

One the most difficult physical properties to detect 
electronically is relative humidity. The circuit shown in 
Fig 2a incorporates a recently introduced humidity 
transducer that transmits readings of relative humidity 
(RH) as a linear function of capacitance shift. The 
transducer features a nominal ±1.7-pF/%RH shift; a 
500-pF value corresponds to RH=76%, and the trans¬ 
ducer doesn't require temperature compensation. 
When conditioning its signals, however, note that the 
average voltage across it must be OV; no net voltage 
may be applied to it. 

The circuit converts the RH transducer's capacitive 
shifts directly into a calibrated frequency output. The 
LTC1043 switched-capacitor IC has an internal clock, 
and because it runs free at 150 kHz, it switches, via pin 


2 (Fig 2b, trace A), between the LT1004 negative 
reference and ICi's summing junction. (The 
l-p-F/22-MH combination ensures that no dc signal 
component is applied to the transducer.) Two states are 
therefore possible: When pin 2 connects to pin 6, the 
transducer receives a negative charge; when pin 2 
connects to pin 5, the transducer's charge goes into 
ICi's summing point. 

ICi's input (trace B, just faintly visible) shows trans¬ 
ducer current, while trace C is ICi's output. Function¬ 
ing as an integrator, ICi ramps up in steps as successive^ 
packets of charge appear at its summing point. Concur¬ 
rently with this action, a second set of switches (pins 7, 
11, 8, 13, 12, and 14) synchronously transfers a fixed 
charge of opposite polarity into ICi's summing junction. 
The amount of this fixed charge cancels the sensor 
offset (for instance, 0% RH doesn't extrapolate to 0-pF 
sensor capacitance). Consequently, the slope of the 
stepped ramp at ICi's output varies with the sensor's 
value minus its offset term. 

ICi's output continues to ramp up until it equals the 
voltage at comparator IC 2 's negative input and triggers 
IC 2 's output high (trace D). AC-positive feedback holds 
IC 2 ’s output high long enough for the 2N4393 FET to 
discharge ICi's feedback capacitor. Then ICi's output 
drops to zero, and the entire cycle repeats. The fre¬ 
quency of repetition is a function of the RH transduc¬ 
er's capacitance. 

Low dependency on temperature 

The LTC1004 reference provides an input voltage for 
IC 2 , while the LTC1043's pins 3, 18, and 15 and the 
330-pF capacitor form a simple charge pump that biases 
ICs^s summing point. ICs's output assumes the value 
required to keep its summing point at zero. The 0.22-pF 
capacitor across IC 3 integrates that amp's response to 
dc, and the feedback resistors establish its operating 
point. Because IC 3 's output voltage determines ramp 
height, these feedback resistors set the circuit's gain 
slope. The time and magnitude expansions in traces 
Aexp, Bexp, and Cexp detail the effects of the transduc¬ 
er's charge dumping on ICi's output ramp. 

Temperature dependency in this circuit is low be¬ 
cause the -120-ppm drifts of the 330-pF and O.Ol-jjiF 
polystyrene capacitors (both gain terms) cancel ratio- 
metrically. Further ratiometric error cancellation oc¬ 
curs because the transducer's charge source and IC 3 ^s 
output voltage both come from the LT1004 reference. 
The only uncompensated term in the circuit, the 470-pF 
capacitor that supplies the offsetting charge, has a 
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(a) 


5 pF FULL-SCALE TRIM 



-15V 


15V 


DIODES ARE 1N4148S EXCEPT WHERE NOTED. 




1 ^SEC/DIV 


A = 0.5V/DIV 
B = 50V/DIV 
C = 20V/DIV 
D = 0.5V/DIV 

E = 10mA/DIV (b) (c) 


A = 10V/DIV 
B = 2V/DIV 


Fig 1—This circuit (a) directly converts the current output of a photodiode into an output frequency with 100 dB of dynamic range. Once 
calibrated, the circuit—a modified Pease charge-pump I/F converter—maintains 1% accuracy over the full range. Its frequency output settles 
within 1 \Lsec on both edges (c). 
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A vanable-capacitance transducer 
forms the basis of a circuit that 
£ienerates an output frequency 
proportional to relative humidity. 


-120-ppm/°C drift that's well below the transducer's 
2% accuracy specification. Circuit temperature inde¬ 
pendence is thus assured. 

To calibrate this circuit, place the transducer in a 5% 
RH environment and adjust the 5% trim for a 50-Hz 
output. Next, place the transducer in a 90% RH envi¬ 
ronment and adjust the 90% trim for a 900-Hz output. 
By repeating this procedure until both points are fixed, 
you'll achieve relative-humidity accuracy of 2% over the 
5 to 90% RH range. If RH standards aren't available, 
you can approximately calibrate the circuit by using 
fixed capacitors in place of the sensor. Ideal values are 
5% RH=379.3 pF and 90% RH=523.8 pF. You should 
note that these values assume an ideal sensor, and that 


an actual device's values can deviate by 10%. 

Another common physical property that lends itself 
to direct digitization is surface level. You'll find trans¬ 
ducers that measure the angle of deviation from an 
ideal level in road-construction applications, machine 
tools, inertial-navigation systems, and other systems 
requiring a gravity reference. 

A small tube, containing a partially conductive fiuid 
and leaving a bubble that changes location with respect 
to level, forms an elegant, simple level transducer (Fig 
3a). Electrodes are inserted in each end of the tube, 
and a common electrode penetrates the center. If the 
tube is level with respect to gravity, the bubble sits in 
the center, and respective resistance values between 
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HORIZ (A, B, C, D) = 100 / 4 SEC/DIV 
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A = 5V/DIV 
B = 20 mA/DIV 
C = 2V/DIV 


D = 5V/DIV Bexp = 20 mA/DIV 

Aexp = 2V/DIV Cexp = 100 mV/DIV 


Fig 2—Tracking relative humiditg as a function of linear capacitance shift, the transducer in this circuit (a) requires no temperature 
coynpensation. Be sure to keep the average voltage across the device at OV. 
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(b) 



B = 2V/DfV. 
C = 2V/DIV 



Fig 3—A simple level transducer (a) contains partially conductive fluid and determines level according to the position of the bubble, which 
alters resistance values between the respective end electrodes and the common electrode. The transducer's attached circuitry (b) produces a 
calibrated frequency cmtput corresponding to surface level. 


the common electrode and the two end electrodes are 
identical. As the tube shifts away from level, however, 
these resistance values change proportionally. By con¬ 
trolling tube shape, suppliers can produce units with 
linear output that you can incorporate into a bridge 
circuit. 

To avoid damaging the tube’s conductive liquid, you 
must excite it with an ac waveform. The transducer 


circuit then must generate this excitation as well as 
extract angle information and determine polarity (ie, 
determine in which direction the level has shifted). Fig 
3b shows a circuit that directly produces a calibrated 
frequency output corresponding to level. A sign bit, 
also supplied at the output, gives polarity information. 

The level transducer consists of two 2-kfl resistors in 
a bridge that takes ac excitation from ICia (which is 
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An elegant level transducer employing 
a curved tube and conductive liquid 
measures a surface’s an^le of 
deviation from the horizontal. 


configured as a multivibrator) in the following manner: 
ICiA biases Qi, which switches the LT1009’s 2.5V poten¬ 
tial through the 100-jxF capacitor to provide the ac 
drive. Then IC 2 , operating as a Howland current pump, 
converts the bridge’s differential-output ac signal into a 
current. This current, whose polarity reverses as the 
bridge’s drive polarity switches, is rectified by the 
diode bridge. As a consequence, the 0.03-jiF capacitor 
receives unipolar charge. IC3, running at a differential 
gain of 2, senses the voltage across the capacitor and 
presents its single-ended output to ICib. 

When the voltage across the 0.03-fxF capacitor be¬ 
comes high enough, ICib’s output goes high and turns 
on the paralleled sections of the LTC1043 switch to 
discharge the capacitor. A 47-pF capacitor provides 
enough ac feedback to ICib’s positive input to allow a 
complete zero reset for the 0.03-jiF capacitor. 

Offset translates level to frequency 

When the ac feedback ceases, ICib’s output goes low 
and the switch goes off. The 0.03-jiF unit again receives 
constant current charging, and the entire cycle repeats. 
The magnitude of the constant current delivered to the 
bridge/capacitor configuration determines this oscilla¬ 
tion’s frequency; that magnitude depends on the trans¬ 
ducer bridge’s offset, which is related to level. 

Fig 3c shows circuit waveforms. Trace A represents 
the bridge’s ac drive, and trace B is IC 2 ’s output. Note 
that when bridge drive changes polarity, IC 2 ’s output 
rapidly switches polarity to maintain a constant current 
into the bridge/capacitor configuration. ICs’s output 
(trace C) is a unipolar, ground-referred ramp, and trace 
D shows ICib’s output pulse, which is the circuit’s 
output. 

The diodes at ICib’s positive input provide tempera¬ 
ture compensation for the sensor’s positive tempera¬ 
ture coefficient, allowing ICm’s trip voltage to track 
bridge output over temperature ratiometrically. The 
sign output comes from IC4, which operates without 
feedback and compares the rectified and filtered 
bridge-output signals with respect to ground. 

To calibrate this circuit, place the level transducer at 
a 40-arc-min angle and adjust the S-kil trimmer at ICib 
for a 400-Hz output. The transducer limits circuit 
accuracy to roughly 2.5%. 

Accelerometers exploit ceramics 

The final example concerns direct digitization of the 
outputs of piezoelectric accelerometers, which rely on 
the properties of ceramic materials to produce charge 


when mechanically excited. In such transducers, a mass 
is coupled with a ceramic element, which dispenses a 
charge when the mass experiences acceleration. The 
transducer’s sensitivity and frequency response vary 
according to the device’s mechanical design and the 
ceramic used. 

The best way to condition a piezoelectric output is to 
unload it through a coaxial cable directly into the 
virtual ground of an op amp’s summing point. This 
method ensures that there will be no voltage difference 
in the coaxial cable between its center conductor and its 
shield, and it thereby eliminates cable capacitance as a 
parasitic term—an important consideration in any 
charge-output transducer. Because the accelerometer 
produces ac outputs, a direct digitization of its output 
must include a sign bit as well as amplitude data. 

Square-wave source is instructive 

The circuit shown in Fig 4a accomplishes a complete 
direct A/D conversion of the piezoelectric accelerome¬ 
ter’s output, and it will work with other devices in the 
same class. To understand the circuit, it’s instructive to 
replace the accelerometer with a square-wave source 
coming through a resistor. When the square wave is 
positive, ICi’s integrator responds with a negative 
ramp output (Fig 4b, trace A). IC 2 , also detecting the 
square wave’s polarity, goes high, but the LT1009 and 
its associated diode bridge (trace B) limit the signal to 
+3.7V. 

These two signals converge at ICa’s negative input, 
where ICi’s ramp output combines with the bridge’s 
output. For stability, the series diodes provide temper¬ 
ature compensation for the bridge diodes. When ICi’s 
output goes negative to a specified point, ICs’s output 
(trace C) goes high. The two comparators control 
output gating: When IC 2 ’s output is low and ICs’s is 
high, Qi’s gate (trace D) receives tum-on bias. 

When Qi comes on, it discharges ICi’s feedback 
capacitor and resets ICi’s output to zero. Local ac- 
positive feedback at IC3 ensures adequate time for a 
complete zero reset of ICi’s feedback capacitor. The 
100-pF capacitor at ICs’s input aids high-frequency 
response. When the ac feedback decays, Qi goes off, ICi 
again ramps down, and the cycle repeats as long as the 
input square wave is positive. The frequency of oscilla¬ 
tion is directly proportional to the current flowing into 
ICi’s summing point. 

When the input square wave goes negative, ICi 
abruptly ramps up. Simultaneously, the output of IC 2 ’s 
input-polarity detector goes negative and forces the 
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'100 /iSEC/DIV 

A = 0.2V/DIV 
B = 10V/DIV 

C-20V/DIV (UNCALIBRATED) 

D = 20V/DIV (UNCALIBRATED) 



10 mSEC/DIV 


E = UNCALIBRATED 
F=10V/DIV (INVERTED) 
G = 10V/DIV 


Fig 4—By replacing the accelerometer in this circuit (a) imth a square-wave source, you can more easily understand its operation. Direct 
digitization of a signal proportional to acceleration results when you return the piezoelectric accelerometer to the circuit. The waveforms in c 
show circuit response when you apply acceleration to the transducer. 
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A piezoelectric accelerometer’s ceramic 
elements release charge when excited. 


LT1009 and its diode bridge's output negative. ICs's 
output now switches when IC/s output exceeds a 
positive limit. The output gating, directed by 102^8 
polarity signal, inverts IC/s output to supply proper 
drive to Qi's gate. Qi turns on and resets the circuit. 
Consequently, the loop maintains oscillation, but with 
all signs reversed. The Q 2 and Q 3 level shifters supply 
TTL data outputs for sign and magnitude. 

Insert accelerometer for digitization 

The circuit described constitutes an I/F converter 
that responds to ac signals. If you now replace the 
square-wave source with a piezoelectric accelerometer, 
direct digitization results. Fig 4c shows circuit re¬ 
sponse when you apply an acceleration (trace E) to the 
transducer; in this case the response is a damped 
sinusoid. The sign bit (trace F) tracks acceleration 
polarity, while the frequency output supplies amplitude 
data. 

Note the drop in output frequency as the input 
waveform damps. A monitoring process, sampling the 
sign and frequency waveforms faster than twice the 
highest frequency of acceleration, can extract the de¬ 
sired acceleration waveform data. To trim the circuit, 
apply a known amplitude acceleration and adjust the 
1 -Mfi gain trim at IC3. As an alternative, you can 
electrically simulate the accelerometer using scale fac¬ 
tors provided in accelerometer data sheets. EDN 
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Chopper-Stabilized 
monofithic op amp 
suits diverse uses 


Chopper stabilization produces op amps 
with lower time and temperature drifts 
than are possible with differential types. 
One such device improves upon previous 
specs. This article^ first of a 2-part series, 
offers guidelines for optimizing such 
high-performance op amps. Part 2 will 
describe several applications for the new IC. 


Jim Williams, Linear Technology Corp 

For low dc offset and minimal time and temperature 
drifts, chopper-stabilized amplifiers have no rival. 
Nonetheless, a new monolithic chopper-stabilized op 
amp. Model LTC1052, improves upon previous mono- 
lithics in several areas. To use it most effectively, 
however, you must understand and combat various 
error sources. 

The chopper amplifier’s low drift, high gain, and high 
input impedance make it attractive in many demanding 
applications. These advantages, however, make the 
device proportionally more prone to external error 
sources than classic differential amplifiers. You can 
identify such error contributors, though, and minimize 
their detrimental effects in high-performance circuits. 

Cool down thermal EMFs 

To derive maximum benefit from the LTC1052’s very 
low drift, you must pay considerable attention to dc 


parasitics—^particularly thermal EMF. Any connection 
of dissimilar metals produces a potential that varies 
with the junction’s temperature (the Seebeck effect). 
Thermocouples, for example, exploit this phenomenon 
to produce useful information. In low-drift amplifier 
circuits, thermal EMF is usually the primary error 
source. 

Connectors, switches, relay contacts, sockets, wire, 
and even solder are candidates for thermal-EMF gener¬ 
ation. Connectors and sockets can, of course, form 



TEMPERATURE (°C) 


Fig 1—Wire from two different manufacturers can form a junction 
that generates thermal EMF. This empirically derived curve shows 
that a ternperature rise of only 16°C above ambient causes a 2.8-ffV 
thermally generated EMF in such a junction. 
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Providing much lower offiets and drifts 
than classic differential op amps do, 
chopper-stabilized amplifiers use a 
carrier-modulation technique. 


thermal junctions. In addition, junctions of wire from 
different manufacturers can easily generate 200 nV/°C 
—four times the LTC1052's drift specification. Fig 1 
shows a plot for such a wire junction. Solder, too, can 
become an error source at low levels by creating a 
junction with copper or Kovar wires or with pc-board 
traces (Fig 2). 

You can minimize thermal-EMF-induced errors if you 
pay careful attention to circuit-board layout. In gener¬ 
al, limiting the number of junctions in the amplifier's 
input-signal path is good practice. Avoid connectors, 
sockets, switches, and other potential error sources as 
much as possible. Of course, you can't always avoid 
them. In these instances, attempt to balance the num¬ 
ber and type of junctions in the amplifier's inputs to 
achieve differential cancellation. 

Deliberately create errors 

Balancing junctions in an amplifier's inputs—^in ef¬ 
fect, deliberately creating errors—^is a practice bor¬ 
rowed from standards-lab procedures. The practice can 
be quite effective in reducing thermal-EMF-originated 
errors. Fig 3 shows a simple example in which a 
nominally unnecessary resistor is included to promote 
such thermal balancing. For such remote signal sources 
as transducers, connectors might be unavoidable. In 
these cases, choose a connector that's specified for 
relatively low thermal-EMF activity, and use a bal¬ 
anced approach in routing signals through the connec¬ 
tor, along the circuit board, and to the amplifier. 



Fig 2—The junction of solder with other metals can be a significant 
cause of thermally generated EMF. These curves show the voltages 
generated by joining two different solders with copper conductors. 


If some imbalance is unavoidable, introduce a coun¬ 
terbalancing junction. In all cases, place the junctions 
in proximity to one another to keep them at the same 
temperature. Avoid drafts and temperature gradients 
that could introduce thermal imbalance. Fig 4 shows 
the LTC1052 set up in a test circuit to measure the 
amplifier's temperature stability. The lead lengths of 
the resistors connected to the amplifier’s inputs are 
identical. 

The thermal capacity at each input is also balanced 



Fig 3—Fight fire with fire. In some cases, you might need to 
introduce temperature-dependent voltage sources to compensate for 
unavoidable thermal-EMF sources. In this circuit, the nominally 
unnecessary resistor serves to match the temperature-varying im¬ 
pedances at the amplifier's inputs. 


50k 



Fig 4—You can measure an amplifiers offset-voltage stability with 
this simple test circuit. IVs important to match the impedances at the 
amplifiers two input terminals. 
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because of the symmetrical connection of the resistors 
and their identical size. Thus, thermal-EMF-induced 
shifts are equal in phase and amplitude and cancellation 
results. But slight air currents can still affect even this 
arrangement. For example, Fig 5 shows a strip chart 
(a) of output noise generated by a test circuit (b) 
uncovered (upper trace) in supposedly still air and by 
one covered by a small styrofoam cup (lower trace). 
This data illustrates why it is often prudent to enclose 
the LTC1052 and its associated components in some 
form of thermal baffle. 

Power-transformer fields cause errors 

Thermal EMFs are the most likely, but not the only, 
potential low-level error source. Electrostatic and elec¬ 
tromagnetic shielding could prove necessary to protect 
against power-transformer-field errors. Power-trans¬ 
former fields are notorious sources of errors that are 
often mistakenly attributed to an amplifier’s dc drift 
and noise. A circuit requiring that a transformer be 
mounted near the amplifier to effect high-quality 


grounding is particularly likely to suffer disturbances 
resulting from the transformer’s magnetic field, which, 
impinging on a pc-board trace, could easily generate 
microvolts across that conductor. The amplifier cannot 
distinguish between this spurious signal and the de¬ 
sired input. 

Attempts to eliminate the problem by rolling off 
amplifier gain with a feedback capacitor might work, 
but often the filtered version of the undesired pickup 
masquerades as an unstable dc component in the out¬ 
put. The most direct approach is to use shielded trans¬ 
formers, but careful layout could be equally effective 
and less costly. An RF choke connected across an 
oscilloscope probe can determine the presence and 
relative intensity of transformer fields, thereby aiding 
in layout experimentation. 

Work around stray leakage currents 

Another source of parasitic error is stray leakage 
current. The LTC1052’s 30-pA bias current allows 
operation from very high source impedances. In such 



Fig 5—Still air is not so still, as seen in this strip-chart recording (a), which characterizes a test circuit (b). The upper trace shows offset 
variations of about 200 nV p-p in an uncovered amplifier; the drift drops significantly if you shield the amplifier from the nearly 
imperceptible air currents that are always present. 
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Choppers, chopper stabilization, and the LTC1052 


The dc characteristics of op 
amps have improved significant¬ 
ly. Some of the carefully exe¬ 
cuted designs currently available 
provide submicrovolt offset 
temperature drift, low bias cur¬ 
rents, and open-loop gains ex¬ 
ceeding 10^. Considerable design 
and processing advances were 
needed to achieve these specs. 
Yet in spite of this fact, amplifi¬ 
ers with even better dc specs 
were available in 1963 (Philbrick 
Research Model SP656). 

The Philbrick amplifiers were 
large (about 3x2xl.5 in.) and 
expensive ($195) by modem 
standards, and they used rela¬ 
tively primitive components, but 
their dc performance anticipated 
today’s best monolithic amplifi¬ 
ers. Their secret was the use of 
chopper-stabilization techniques 
instead of the more common dif¬ 
ferential dc-stage approach. 

The chopper-stabilization ap¬ 
proach (Fig A), developed by 
E A Goldberg in 1948, uses the 
amplifier’s input to amplitude- 
modulate an ac carrier. This car¬ 
rier, amplified and synchronous¬ 
ly demodulated back to dc, 
supplies the amplifier’s output. 
Because the dc input is trans¬ 
lated to—and amplified as—an 
ac signal, the amplifier’s dc pa¬ 
rameters have no effect on over¬ 


all drift. 

This modulation and demodu¬ 
lation process is the reason why 
chopper-stabilized amplifiers are 
able to achieve significantly 
lower time and temperature 
drifts than classic differential 
types. In addition, the ac proc¬ 
essing of the signal aids low-fre¬ 
quency amplifier-noise perfor¬ 
mance and eliminates the need 
for many of the careful design 
and layout procedures necessary 
in a classic differential approach. 

The most significant tradeoff 
is increased complexity. The 
chopping circuitry and sampled- 
data operation of these amplifi¬ 
ers requires close attention for 
good results. In addition, the ac 
dynamics of chopper-stabilized 
amplifiers are complex if you 
need bandwidths greater than 
the chopping carrier frequency. 

Referring to Fig A, the ac 
amplifier’s input switches alter¬ 
nate between the signal input 
and the feedback divider net¬ 
work. The amplitude of the ac 
amplifier’s output represents the 
difference between the feedback 
signal and the input. This output 
is converted back to dc by a 
phase-sensitive demodulator 
composed of a second switch, 
driven synchronously with the 
input switch. 


The output-integrator stage 
smoothes the switch’s output to 
dc and presents the final output. 
Drifts in the output integrator 
are of little consequence, as this 
stage is preceded by the ac gain 
stage. The dc drifts in the ac 
stage are also inconsequential, 
because the coupling capacitors 
isolate the drifts from the rest 
of the amplifier. 

Overall dc gain, the product of 
the gain of the ac stage and the 
dc gain of the integrator, is very 
high. Although the approach in 
Fig A easily limits drifts to 100 
nV/°C and yields open-loop gains 
of 10®, the method is not without 
drawbacks. For instance, the 
amplifier has a single-ended, 
noninverting input and can’t ac¬ 
cept differential signals without 
the aid of additional front-end 
circuitry. 

Moreover, the carrier-based 
approach constitutes a sampled- 
data system; thus, overall ampli¬ 
fier bandwidth is limited to a 
small fraction of the carrier fre¬ 
quency. The carrier frequency, 
in turn, is restricted by ac-am- 
plifier gain and phase limitations 
and errors induced by switch re- 


FEEDBACK RESISTORS 

SUMMING 

POINT 



Fig B^Enhancing the speed of Fig A*8 
basic chopper circuity this configura¬ 
tion uses a parallel-path approach. The 
chopper block forces the fast amplifier’s 
summing point to zero and amplifies 
low-frequency signals; fast signals drive 
the fast amplifier directly. For best re¬ 
sults y the two amplifiers’ high- and low- 
frequency rolloffs should coincide. 


input ac amplifier 



Fig A—This basic chopper-stabilization configuration involves modulating an ac 
carrier by the input voltage. The output stage demodulates (rectifies) this carrier; the 
integrator stage smoothes the resulting dc voltage. 
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sponse time. Maintaining good 
dc performance involves keeping 
the effects of these considera¬ 
tions small by setting carrier 
frequencies in the low kilohertz 
range. 

Solving the bandwidth problem 

The classic chopper-stabilized 
amplifier solves the chopper am¬ 
plifier’s low-bandwidth problem. 
It uses a parallel-path approach 
(Fig B) to provide greater band¬ 
width while maintaining good dc 
characteristics. The stabilizing 
amplifier, a chopper type, biases 
the fast amplifier’s positive ter¬ 
minal to force the summing point 
to zero. 

Fast signals drive the ac am¬ 
plifier directly, while the stabi¬ 
lizing amplifier handles the slow 
signals. To achieve smooth over¬ 
all gain-frequency characteris¬ 
tics, the fast amplifier’s low-fre¬ 
quency cutoff must coincide with 
the stabilizing amplifier’s high- 
frequency rolloff. 

With proper design, the chop¬ 


per-stabilized approach yields 
bandwidths of several mega¬ 
hertz and provides the low drift 
characteristic of a chopper am¬ 
plifier. Unfortunately, because 
the stabilizing amplifier controls 
the fast amplifier’s positive ter¬ 
minal, the classic chopper-stabi¬ 
lized approach is restricted to in¬ 
verting operation only. 

A new approach 

The LTC1052 (Fig C) adopts a 
different approach—one that 
permits full differential-input op¬ 
eration and good bandwidth 
while retaining extremely low 
drift. The IC relies on an auto¬ 
zeroing technique. During the 
device’s autozero cycle, the in¬ 
puts short together, and a feed¬ 
back path closes around the 
input stage to null the offset. 
Switch S2 and capacitor Cexta 
act as a sample/hold block to 
store the nulling voltage during 
the sampling cycle. 

In the sampling cycle, the now 
almost-ideal amplifier serves to 


amplify the differential input 
voltage. Switch S 2 connects the 
amplifier input voltage to Cextb 
and the output gain stage. Cextb 
and S 2 act as a sample/hold cir¬ 
cuit to store the amplified input 
signal during the autozero cycle. 
By switching between these two 
states—at a frequency much 
higher than that of the signal—a 
continuous output results. 

During the autozero cycle, the 
inputs are not only shorted to¬ 
gether, they’re connected to the 
negative input. This action forc¬ 
es nulling with the common¬ 
mode voltage present. The same 
argument applies to power-sup¬ 
ply variations; it explains the 
LTC1052’s creditable CMRR and 
PSRR specs. 

The complete amplifier con¬ 
tains stabilizing elements, a 
feed-forward loop for high-fre¬ 
quency signals, and antialiasing 
circuitry, but the IC owes its su¬ 
perior dc performance entirely 
to the simple loop described 
here. 




Fig C—Using autozeroing and samplelhold techniques, the LTC1052 chopper-stabilized op amp offers full differential-input mode 
and specs extremely law offset drift and noise. During the autozero cycle, the inputs short together and feedback nulls the 
amplifier's offset In the sampling cycle, the now offset-free amplifier amplifies the differential input voltage. 
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To take maximum advanta£ie of a chopper 
amplifier's low drifi specs, you must consider 
various environmentally contributed, 
error-inducing sources. 


Although the standoff approach is effective, its im¬ 
plementation might not be acceptable in production. 
Guarding is another technique to minimize pc-board 
leakage effects. The guard is a pc-board trace that 
encircles the amplifier’s input. You must drive this 
trace (Fig 6) at a potential equal to that of the input, 
thereby preventing leakage to the amplifier’s input 
terminal. 

Carrier-induced problems 

The final form of parasitic error is one peculiar to all 
carrier-based amplifiers. If the amplifier is operating in 
a circuit that contains clocking or oscillation with sub¬ 
stantial harmonic content at or near the carrier fre¬ 
quency (eg, from another LTC1052), erratic operation 
might result. This is particularly true if inductors or 
transformers radiate magnetic fields related to the 
clocking or oscillation frequency. The undesired inter¬ 
action between the amplifier’s chopping sequence and 
the externally generated ac signals could cause mixing 
or beat frequencies, resulting in errors in the output. 

Synchronizing the LTC1052’s internal oscillator with 
external-circuit clocking eliminates the preceding prob¬ 
lem. The 14-pin version of the IC offers one pin that lets 
you synchronize the internal clock with an external 
signal. 

Input signals containing substantial ac content can 
also cause the problem if the ac signal has strong 
spectral components related to the chopping frequency. 
For applications in which such ac components exist, it 


TABLE 1—LOW-NOISE, LOW-DRIFT OPERATIONAL AMPLIFIERS 


MODEL 

LTC1052 

CHOPPER 

STABILIZED 

ICL7652 

CHOPPER 

STABILIZED 

HA2904/5 

CHOPPER 

STABILIZED 

AD547 

FET 

LM-11 

LOW-1 

BIPOLAR 

LT1012 

LOW-1 

BIPOLAR 

INPUT OFFSET 

AT 25 °C 

5 nM 

5/iV 

50 tN 

250 pN 

300 iN 

35 ii\J 

INPUT OFFSET 

DRIFT 

0.05 /iV/®C 

0.05 /iV/®C 

0.4 ;aV/®C 

1 /iV/®C 

3 

1.5 

OPEN-LOOP GAIN 

120 dB 

120 dB 

1 5 X 10* 

2.5 X 105 

2.5 X 105 

3 X 105 

BIAS CURRENT 

AT 25 

30 pA 

30 pA 

150 pA 

25 pA 

50 pA 

100 pA 

COMMON-MODE 
REJECTION RATIO 

120 dB 

IIOdB 

120 dB 

80 dB 

110 dB 

114 dB 

POWER-SUPPLY 
REJECTION RATIO 

120 dB 

110 dB 

120 dB 

100 dB 

100 dB 

114 dB 

COMMON-MODE 
INPUT RANGE 

Vcc-2V 

Vee + OV 

Vcc-1.5V 

Vee + 0.7V 

10V WITH 

15V SUPPLY 

Vcc-2V 

Vee + 3V 

Vcc-0.5V 

Vre+1-5V 

Vcc-1-5V 

Vee+1.5V 

SLEW RATE 

3V/,tSEC 

0.5V/;iSEC 1 

1 2.5V/^iSEC 

3V/;aSEC 

0.3V/;iSEC 

O.IV/^SEC 

GAIN-BANDWIDTH 

PRODUCT 

1 MHz 

0.45 MHz 

3 MHz 

1 MHz 

0.8 MHz 

0.8 MHz 


cases, you’ll want to prevent stray leakage currents 
from reaching the inputs. The simplest way to do this is 
to connect the amplifier’s inputs directly to the signal 
source via a Teflon standoff. Because the amplifier’s 
inputs never contact the pc board, stray leakage cur¬ 
rents don’t affect them. 



Fig S—Use guarding to eliminate leakage-current effects. The 

technique involves encircling sensitive inputs with a conductor 
driven by a potential equal to that of the inputs. 
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Fig 7—Showing what a chopper-stabilized op amp can do, this 
strip-chart recording gives the LTCl052’s input-noise voltages with 1- 
and 10-Hz handwidths. 


might be necessary to drive the LTC1052 from an 
external clock source at a frequency that has no har¬ 
monic relationship with the input signal. For example, a 
372-Hz clock frequency will prevent 60-Hz input com¬ 
ponents from affecting amplifier operation. 

A look at the amplifier’s specs 

As mentioned, the LTC1052 improves upon the speci¬ 
fications of other available monolithic chopper-stabi¬ 
lized op amps. Table 1 gives the IC’s specs, along with 
those of other chopper-stabilized monolithics and, for 
purposes of comparison, those of an FET-input amplifi¬ 
er and two bias-current-compensated bipolar types. 
Note that the LTC1052’s slew rate and bandwidth are 
much higher than those of its closest counterpart (the 
ICL7652), and offset and drift are much lower than the 
HA2904/5’s. 

Finally, noise is of particular concern in monolithic 
chopper-stabilized-amplifier designs. The Fig 7 strip 
chart shows the LTCl052’s noise performance at two 
measurement bandwidths. Also, the amplifier’s input 
common-mode range includes the negative supply level, 
thereby making single-supply operation practical. EDM 
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A chopper-stabilized operational amplifier’s 
low dc offset and time and temperature 
drift suit it to low-level dc-sipfnal-processinpi 
applications. The first article in this 2-part 
series outlined the precautions you must 
take to obtain maximum benefit from the 
op amp’s low drift and offset voltage. In 
this installment, you’ll see how to make 
optimum use of the op amp’s intrinsic 
stability in circuits ran^in^ from a simple 
remote thermometer to an exceptional 
VIF converter. 


Jim Williams, Linear Technology Corp 

The LTC1052 op amp, like all chopper-stabilized, mono¬ 
lithic amplifiers, whose characteristics include low 
drift, high gain, and high input impedance, suits many 
demanding applications. Although this new device pro¬ 
vides dc performance superior to that of previous 
monolithics, you must combat various error sources to 
use it most effectively. (See EDN^ February 21, 1985, 
pg 305.) Once you are aware of the problems involved in 
using such a device and know how to solve them, you 


can consider ways to apply the amplifier in a variety of 
circuit designs. 

The most obvious applications involve low-level dc 
signals; the op amp^s low drift makes it superior to 
other amplifiers for such applications. On a more so¬ 
phisticated level, you can exploit the LTC1052^s low 
offset errors to extend the dynamic range of a circuit. 
Some of the following circuit descriptions demonstrate 
these points; others cover the use of the op amp to 
stabilize and enhance the performance of data convert¬ 
ers, buffers, comparators, and other functional blocks. 
One of these circuits exploits the LTC1052^s dynamic 
operating range to provide a V/F converter with 1-Hz 
to 30-MHz output for 0 to 5V input. Another circuit, the 
first described, uses two of the op amps in a variable 
voltage reference. 

Standards-grade variable reference 

In the Fig 1 variable voltage reference (suitable for 
use in a standards laboratory), a pair of LTG1052s 
combine with high-grade saturated cells and other 
components to produce an extremely accurate, stable 
reference source. You can use the circuit to calibrate 
6^4-digit digital voltmeters, ultra-high-resolution data 
converters, and other apparatus requiring high-order 
traceability to primary standards. 

The SCO 106 saturated cells provide a reference volt¬ 
age that ICi buffers and amplifies to precisely lOV. 
IC/s output drives a 7-place Kelvin-Varley divider 
whose accuracy is 1 ppm. IC 2 's low bias current and 
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A chopper amplifier’s low ojfiet and drift 
provide performance improvements in a 
variety of circuit applications. 


high common-mode rejection let it unload the divider 
without introducing significant errors. To calibrate the 
circuit, adjust ICi's output for exactly lOV by selecting 
the feedback resistor and trimming the 20-Mn potenti¬ 
ometer. 

You should measure ICi's output with equipment that 
has high-order traceability to primary National Bureau 
of Standards specifications. Once calibrated, this circuit 
will provide 0.0014% worst-case accuracy over one 
year's time and ±5°C excursions. Note that the amplifi¬ 
ers contribute only about 1.3 ppm (0.00013%) of the 
total error.' 

Precision instrumentation amplifier 

Another application for the LTC1052 is in an ultra- 
high-precision instrumentation amplifier (Fig 2). This 
circuit offers greater accuracy and lower drift than any 
commercially available IC—hybrid or module. In addi¬ 
tion, it operates from one 5V power supply. Using a 
flying-capacitor technique, the LTC1043 switched-ca- 
pacitor instrumentation building block provides a con¬ 
version from differential to single-ended input. 


Cl alternately samples the differential input signal 
and charges ground-referred C 2 with the sampled infor¬ 
mation. The LTC 1052 measures the voltage across C 2 
and provides the circuit's output. The amplifier's feed¬ 
back-resistor ratio sets the gain. The LTC's output 
stage can normally swing within 15 mV of ground. If 
you need an output that can reach OV, you can use the 
circuit shown within the broken lines; the configuration 
uses the remaining LTC1043 section to generate a small 
negative voltage by inverting a diode drop. 

This negative potential drives the lO-kfi pull-down 
resistor to force the LTC1052's output into class-A 
operation for voltages near zero. It is important to 
observe that the circuit's switched-capacitor front end 
forms a sampled-data filter that allows common-mode 
rejection to remain high—even with increasing fre¬ 
quency. The 4.7-nF capacitor sets the front end's 
switching frequency at a few hundred hertz. 

Isolation amplifier 

You can't always use an instrumentation amplifier to 
condition differential signals. In factory and process- 



Fig 1—Meeting standards-lab specifications, this reference source provides ±0.00100 worst-case accuracy for a full year after calibration. 
The LTC1052 chopper amplifiers contribute only about one-tenth of the total error. The circuit provides an ideal calibration standard for 
voltmeters, converters, and other exacting apparatus. 
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control environments, for example, severe ground-line 
and common-mode voltages often mandate the use of an 
isolation amplifier. This device's inputs have galvanic 
isolation from the output and power connections. Be¬ 
cause of this, the amplifier can ignore the effects of 
ground loops and operate at common-mode input volt¬ 
ages that are many times higher than the power-supply 
voltage. 

Implementing a precise, low-drift isolation amplifier 
isn't easy, and commercial units are expensive. Fig 3 
shows a circuit with 0.03% transfer accuracy and the 
50-nV/°C input drift of the LTC1052. As configured 
here, the circuit provides a gain of 1000 ; it can operate 
with common-mode input levels as high as 250V. The 
circuit works by modulating the output of a signal¬ 
conditioning amplifier's output amplitude through a 
transformer. 

A synchronous demodulator/filter reconstructs the 
isolation amplifier's original output and provides the 
circuit's output. A separate oscillator and transformer 
provide the amplifier with power and thus preserve 
galvanic isolation between the circuit's input and output 
ports. Three 74C04 gates and their associated compo¬ 
nents form an oscillator that provides complementary 
drive to Q 5 and Qe. These devices energize Ti, which in 


turn generates floating power on the input side of the 
Fig 3 circuit. 

The oscillator simultaneously provides a slightly de¬ 
layed, complementary drive to the Qi and Q 2 FET 
switches by means of the 330n-100-pF network and the 
additional inverters. Rectified and filtered, the floating 
power produced by Ti drives the LTC1052 (ICi) via the 
zener drops of the transistors. The ±15V floating 
power is accessible, so you can use it to power transduc¬ 
ers or other loads. 

You can prevent interaction between the transform¬ 
er's chopping carrier and ICi's internal oscillator by 
synchronizing the amplifier with the carrier. Use the 
two decade counters for this operation. Q3 and Q4, 
driven by opposing-phase carrier signals derived from 
Ti, chop ICi's output into T 2 . T 2 's other winding receives 
this modulated signal information. Because Qi and Q 2 
switch synchronously with Q3 and Q4, they demodulate 
the amplitude and phase-polarity information in the 
carrier. 

The 330n-100-pF network compensates for the slight 
skew in switch-drive signals on opposing sides of T 2 
and, in this way, minimizes gain error. IC 2 , which also 
provides the circuit's output, filters T 2 's output (pin 2 ). 
Slight switching errors in the modulator/demodulator 



Pig 2—Extreme accuracy and minimal drift are the hallmarks of this instrumentation-amplifier circuit. The configuration outperforms any 
available IC—hybrid or module. The method used involves a flying-capacitor technique that provides conversion from differential to 
single-ended input. _ 
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Laboratory-^rade voltage reference uses 
saturated cells and chopper amplifiers to 
confipfure a circuit accurate enoupfh to serve 
as a lab calibration standard. 
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VERTICAL 
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ALL DIODES ARE 1N4148. 

ALL FETs ARE 2N5434. 
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T 2 IS STANCOR MODEL PCT-39. 

RESISTORS MARKED * ARE 1% FILM TYPES. 
IS FLOATING COMMON 
IS CIRCUIT GROUND 


OUTPUT SIDE 


Fig 3 — Suitable for industrial environments^ this isolation amplifier accepts common-mode input levels as high as ^30V. The circuit 
operates by modulating the output of a signal-conditioning amplifier. It then demodulates and filters this amplitude-modulated signal. 


192 


EDN March 7, 1985 


































































































result in very small gain differences between positive 
and negative outputs at pin 2 of T 2 . By providing a small 
gain reduction for negative outputs, the diode-resistor 
network in IC 2 's output compensates for these 
differences. 

The scope photo in Fig 3 shows the response of the 
isolation amplifier to a sine-wave input. For this test, 
you tie the floating common level and circuit grounds 
together. Trace A is the input to ICi. Trace B, taken at 
pin 4 of T 2 , shows IC/s amplified output being modu¬ 
lated into the transformer. Trace C, obtained at pin 1 of 
T 2 , depicts the received modulated waveform as it is 
sychronously demodulated. The filtered and final out¬ 
put of IC 2 appears in trace D. 

The 25-kHz carrier limits this circuit's full-power 
bandwidth to about 500 Hz, a level adequate for proc¬ 
ess-control and transducer applications. The transform¬ 
ers discussed here have a 250V breakdown specifica¬ 
tion; you can, however, achieve higher levels by using 


transformers with higher ratings. As shown in the Fig 
3 schematic, circuit gain is 1000, and this allows amplifi¬ 
cation of a ±5-mV signal (riding on 250V of common 
mode) to a ±5V output signal. Gain accuracy is 0.03%, 
and drift is 50 ppm/'C typ. The LTC1052's 50-nVrC 
specification sets the input-referred drift. 

To trim the circuit,, tie IC/s input to floating common, 
and adjust the zero-trim potentiometer for OV output. 
Next, connect IC/s input to a +5-mV source, and 
adjust the gain-trim potentiometer for exactly +5V 
output. Finally, connect ICi's input to a -5-mV source, 
and select the resistor (shown as 10 Mfl) in IC 2 's 
feedback path for a -5V output reading. Repeat the 
procedure until all three points are fixed. 

Aside from its use in isolation amplifiers to handle the 
severe ground-line and common-mode voltages found in 
factory and process-control environments, the LTC1052 
can be used in a circuit that meets a frequent need in 
automatic semiconductor-testing and -probing equip- 
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HORtZONTAL=10 nSEC/DIV 


Fig 4 — Lou; capacitive loading and low cost are featured in this unity-gain, FET-probe buffer. The circuit features extremely fast rise time 
aTvd low (If-nsec) delay; its gain is about 0.95. 
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Instrumentation amplifier beats specs of 
commercially available units and works 
from one 5V supply. 
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Fig 5—Offering an easy way to overcome comparator compromises, this circuit uses a chopper amplifier to stabilize the comparators offset 
voltage and drift. The method entails no sacrifice in speed or differential-input capability. The circuit periodically short circuits the 
comparator's inputs and nulls its offset. The result is a high-speed comparator configuration with <5'|xF offset. 
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ment; the demand for a highly accurate, unity-gain 
buffer-amplifier with low input capacitance. Such an 
amplifier is useful for other circuit chores as well 
(including the accurate monitoring of a point without 
introducing any significant ac or dc loading). Fig 4 
illustrates one such circuit. 

" In this circuit, Qi and Q 2 constitute a simple, high¬ 
speed input buffer. Qi functions as a source follower, 
and the Q 2 current-source load sets the drain-source 
channel current. The LTlOlO buffer provides output- 
drive capability for cables or for whatever load exists. 
Because there’s no dc feedback, you’d naturally expect 
this open-loop configuration to exhibit considerable 
drift. However, the LTC1052 has a feedback function to 
stabilize the circuit. 

To ensure low drift in this situation, the op amp 
compares the filtered circuit-output signal to a similarly 
filtered version of the input signal. The amplified 
difference between these signals serves to set Q 2 ’s bias 
and hence Qi’s channel current. This action forces Qi’s 
Vgs to whatever voltage level is necessary to make the 
circuit’s input and output potentials equal. 


The diode in Qi’s source line prevents the gate from 
becoming forward biased; the 2000-pF capacitor at ICi 
provides stable loop compensation. The RC network at 
ICi’s output prohibits this point from experiencing 
high-speed edges coupled through Q 2 ’s collector-base 
junction. The output of IC 2 also feeds back to the shield 
around Qi’s gate lead and, as a consequence, effectively 
bootstraps the circuit’s input capacitance to <1 pF. 

The LTlOlO’s 15-MHz bandwidth and 100V/|xsec slew 
rate, combined with the amplifier’s 150-mA output, are 
sufficient for most circuits. In extremely high-speed 
applications, the alternate, discrete-component buffer 
shown in the schematic can be useful. Although its 
output current handles only 75 mA max, the GHz-range 
transistors used provide exceptionally wide bandwidth, 
fast slewing, and minimal delay. 

The scope photo in Fig 4 shows the response of the 
LTC1052-stabilized, buffer-circuit/discrete-stage com¬ 
bination. The response is clean and quick, and delay is 
<4 nsec. Remember that the rise time is limited by the 
pulse generator and not by the circuit itself. For either 
stage, the LTC1052 sets the offset at 3 |xV; stage gain is 
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Pig s —You can double the dynamic range of a popular V/F-converter 1C by using this stabilization circuit. The configuration eliminates the 
need for an offset trim; moreover, it reduces temperature drift to negligible levels. This method increases the converter’s dynamic range from 
3V2. to 6 decades. 
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Industrial-application isolation amplifier 
withstands hi^h common-mode input 
signals and provides high accuracy and low 
offiet. 


approximately 0.95. At a much lower price, this circuit 
performs the same function as commercial FET probes 
that cost about $1000. 

Chopper-stabilized comparator 

You can also use the LTC1052 in a reasonably fast 
comparator that exhibits low input-offset drift. Such a 
device is useful in high-resolution A/D converters, 
crossing detectors, or wherever you need a high-speed 
comparison that is both stable and precise. The problem 
is that it^s difficult to achieve reasonable comparator 
speed and low input drift in a traditional design; hence 


monolithic-comparator designs must necessarily entail 
tradeoffs between drift and speed. 

Fig 5 shows how to use the LTC1052 to eliminate 
offset and drift in a comparator without any sacrifice in 
speed or differential-input capability. Remember that 
this circuit is useful only in situations where some free 
time is available for the system's nulling action. The 
circuit functions 'by periodically short-circuiting the 
comparator's inputs together and then forcing the com¬ 
parator into its linear region via its offset pins. 

The circuit stores the balancing voltage required at 
the comparator's offset pins. When the comparator's 
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Fig 7—Offering improvements over Fig 6^s circuitf this V/F converter covers a l-Hz-to-1.25-MHz range. WhaVs more, it features high 
linearity and low drift. Its low (330-pF) integrating capactitor demands low-leakage pc-board mounting techniques. 
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inputs return to their normal states, the stored voltage 
remains at the offset pins; in this way, the stored 
voltage nullifies the device's offset. Updating (in peri¬ 
ods of seconds) ensures continuous correction stability. 
In this circuit, IC 2 is the stabilizing amplifier for ICi. A 
dpdt switch section provided by the LTC1()43 controls 
ICi's inputs. 

When pin 16 of the LTC1043 is high, pins 12 and 11 
connect to pins 13 and 7, respectively. Pin 3 (ICrS 
output) connects to pin 18. Under these conditions, IC 2 
is connected in the feedback loop between ICi's output 
and its offset terminal (pin 5). This feedback forces ICi 


into its linear region; ICi's output oscillates between the 
rail voltages. 

IC 2 , connected as a low-frequency integrator, filters 
this oscillatory voltage, compares its equivalent dc 
value to ground (the device's noninverting-input poten¬ 
tial), and drives ICi's offsets to zero. When pin 16 of the 
LTC1043 goes low, all switch states reverse; ICi's 
inputs are then free to compare the signals present at 
pins 14 and 8 of the LTC1043. 

During the comparison interval, IC 2 's output remains 
fixed at the voltage stored in its feedback capacitor. 
IC 2 's low bias current allows long durations between 



Fig 8 — The widest range VIF converter yet^ this circuit offers 150-dB dynamic range—output frequency spans decades. The circuit specs 

0.08% linearity as well as low jitter and noise over the entire range. 
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A chopper op amp combined with high¬ 
speed ICs provides a fast, low-capaxitance 
probe and a fast-switching, low-drift 
comparator. 


correction cycles—indeed, periods of seconds are prac¬ 
tical. At the same time, the current maintains the 
comparator's effective offset well within 5 )jlV with 
negligible temperature drift. 

The Fig 5 photo shows the circuit’s response to a sine 
wave (trace A) applied to IC/s positive input at pin 14 
of the LTC1043. ICi’s negative input, pin 8 of the 
LTC1043, connects to ground. When the zero-command 
control line is low (trace B), IC/s output (trace C) 
responds in the normal fashion. During this period, the 
status output (trace D) is low, a confirmation that ICi is 
in fact operating in its normal mode. 

Wlien the zero command occurs (trace B, just to the 
right of the screen’s center), it forces ICi into its linear 
region, where it oscillates. During this time, IC 2 up¬ 
dates the correction voltage stored in its feedback 
capacitor. When the zero-command pulse falls, normal 
comparator action resumes. The circuit’s true operating 
mode is reflected in its status output because the 
circuit’s timing includes the 50-nsec delay of the 
LTC1043 switch. For this reason, you should use the 
status output—and not the zero-command line—to 
monitor the circuit’s operating state. 

High-stability V/F converter 

Amplifiers and comparators are not the only ele¬ 
ments that can benefit from the LTC1052’s chopper 
stabilization: Fig 6 shows a way to stabilize the offset of 
a data converter; the method doubles its dynamic 
operating range, eliminates the need for an offset trim, 
and reduces the converter’s zero drift to negligible 
levels. In this circuit, the LTC1052 corrects for offset 
deficiencies in an AD650 V/F converter. 

Although specified for 1-MHz full-scale operation, 
this V/F-converter IC’s 4-mV input offset limits its 
untrimmed dynamic operating range to only 31^ dec¬ 
ades of output frequency. Under normal operating 
conditions, the AD650’s positive input connects to 
ground; the resistor string shown drives the negative 
input. To obtain more than ZV 2 decades of operation, 
you must effect an offset trim at pins 13 and 14. Even 
after trimming, however, the input amplifier’s 
30-)jlV/°C drift contributes a 3-Hz/°C zero-point error. 

The LTC1052 corrects these problems by measuring 
the offset voltage at the AD650’s negative input, com¬ 
paring this input to ground, and then driving' the 
positive input (normally grounded in the manufactur¬ 
er’s recommended circuit configuration) with the ap¬ 
propriate stabilizing correction voltage. The LTC1052’s 
integrating configuration has high gain at low frequen¬ 


cy and dc and thus preserves the AD650’s fast dynamic 
response while eliminating the converter’s offset 
errors. 

Without causing overdrive during start-up and tran¬ 
sients, the scaling of the divider network in the 
LTC1052’s output allows enough correction range to 
zero the AD650’s offsets. With this scheme, the circuit 
requires no zero trim to achieve full 6-decade operation. 
To calibrate the circuit, apply exactly lOV to the input, 
and trim the output for precisely 1 MHz. 

Another stabilized V/F converter appears in Fig 7, 
but this converter’s parameters represent substantial 
improvements over those of the previous circuit: This 
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Fig 9 —A closed-loop approach yields low output jitter in Fig 8’s 

circuit, as this curve illustrates. For low frequencies, the feedback 
loop is the major jitter-producing factor; at high frequencies, the 
current-source and Schmitt-trigger noise predominates. The feed¬ 
back loop slows step response, as the scope photo shows. 
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circuit offers a range of 1 Hz to 1.25 MHz, 0.05% 
linearity, and a temperature coefficient of 20 ppm/°C 
typ. What’s more, the Fig 7 circuit is less expensive. 
The tradeoffs include a slower step response and a 
higher component count. 

The circuit uses a charge-feedback scheme that al¬ 
lows the LTC1052 to close a loop around the entire V/F 
converter as opposed to simply controlling offset. This 
approach augments linearity and stability but adds the 


loop’s settling time to the V/F converter’s overall 
step-response time. The Fig 7 photo shows the circuit’s 
various waveforms. 

A positive input voltage causes ICi’s output to be¬ 
come negative and, consequently, biases the Qi current 
source. Qi’s collector injects current into the 330-pF 
capacitor; an increase in this element’s voltage (trace A) 
results. Biased from the ±5V supplies, the CMOS 
inverter, which has low input current, changes state 
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j^ig 10—Offering 16-plus hits of resolution^ this AID converter provides resolution to 100,000 counts (vs a normal 16-hit converter’s 65,536 
counts). The circuit uses a current-balancing technique and allows a mid-scale linearity trim that overcomes a parasitic error induced by 
charge pumping. 
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Chopper-amplifier techniques stabilize ojfset 
ofV/F and AID converters, provide 
enhanced resolution, and eliminate the 
need for trimming. 


when the ramp crosses OV. This action causes all the 
inverters to switch. 

The two parallel inverters at the end of the chain 
switch low (trace B) and simultaneously supply positive 
feedback to the 10-kfl-3.3-pF junction as well as force 
the 330-pF capacitor to a lower voltage. They execute 
the latter action by removing current from this capaci¬ 
tor (trace D) via the diode-connected 2N3904. During 
the ramping interval, the LTG1043's switching pins 11 
and 12 connect to pins 7 and 13 and so charge the 
100 -pF capacitor to the LTlOOTs reference voltage. 

When the output inverters go low, they switch the 
LTC1043’s control pin 16; at that point, the switch 
places the charged 100-pF capacitor across pins 8 and 
14. Thus, each time the inverters switch, a fixed 
quantity of charge is dispensed into the X junction 
according to the equation Q=CV. The LTC1043's 
switching action is such that this charge is of opposite 
polarity to that of the noninverting input current. 

The 0.22-^jlF capacitor integrates the discrete charge 
dumps to a dc level. The ICi servo controls the 
Qi-inverter oscillator to run at whatever frequency is 
needed to force the servo’s negative input to OV. In this 
manner, ICi’s closed-loop control compensates for the 
oscillator’s drift and nonlinear response. The circuit’s 
frequency output (trace E) comes from pin 2 in the 
other LTC1043 section. 

Several factors contribute to this circuit’s perfor¬ 
mance: In spite of the small 330-pF integrating capaci¬ 
tor, the low input current of the CMOS inverter, 
combined with the low leakage of the 2N3904’s base- 
emitter diode, allows operation to well below 1 Hz. In 
the lower frequency ranges, currents at this junction 
are small; therefore, pc-board leakage can lower the 
effective resistance at this point and hence degrade 
low-frequency operation. 

To remedy the leakage effects, you can use a clean 
board, but the best approach is to mount the capacitor, 
Qi’s collector terminal, the inverter input, and the 
transistor’s base terminal all on a Teflon standoff using 
connections that are as short as possible. The resistor 
and capacitor specified in Fig 7, both gain-determining 
components, have opposing temperature coefficients, 
and these characteristics aid gain-drift performance. 

The LTC1052’s low offset eliminates the need for a 
zero trim while preserving the circuit’s >120-dB dy¬ 
namic operating range. To trim the circuit, apply exact¬ 
ly 5V to the input, and adjust the 1.25-MHz trim for 
precisely 1.25-MHz output. 

Although the performance of the previous circuit is 


impressive, that circuit still doesn’t tax the LTC1052’s 
dynamic operating range. Fig 8 shows a substantially 
modified version of the circuit in Fig 7. It offers a 1-Hz 
to 30-MHz output (ie, a 150-dB dynamic range), for 0 to 
5V input. These figures represent by far the widest 
dynamic range and highest operating frequency of any 
V/F converter described in published literature. 

This V/F converter exploits the extremely wide 
signal-processing range of the LTC1052. The circuit 
maintains 0.08% linearity over its 7y3-decade range and 
exhibits full-scale drift of approximately 20 ppm/^’C. 
Zero-point drift is 0.3 Hz/^’C, a figure that’s directly 
related to the LTC1052’s 50-nV/°C offset-drift spec. 


5V 



NOTES: 

ALL FIXED RESISTORS ARE 1% FILM TYPES. 
ALL DIODES ARE 1N933. 

METER HAS 0- TO IOO-aiA MOVEMENT. 


Fig 11—Taking advantage of an op amp's offset-voltage drift, this 
circuit allows direct transmission of temperature data over an 
unshielded wire. The diode bridge at the output permits the use of op 
amps with either positive or negative offset drifts. The circuit 1ms a 
2-point calibration procedure. 
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Current- and voltage-enhancement 
techniques provide increased output without 
attendant offiet and drift compromises. 


To attain the additional bandwidth, a fast JFET 
buffer driving a Schottky-TTL Schmitt trigger replaces 
the CMOS inverters in the Fig 7 circuit. The Schottky 
diode prevents negative voltage levels at the Schmitt 
trigger's input. The diode-connected 2N3904 resets the 
low-value (100-pF) capacitor. This circuit avoids the 
positive feedback of Fig 7's circuit and its attendant 
recovery time constant. 

The Schmitt trigger's input-voltage hysteresis de¬ 
fines the limits of the oscillator's excursions. The 
30-MHz full-scale output is much faster than the 
LTC1043 can accept; therefore, the digital divider stag¬ 
es reduce the feedback signal's frequency by a factor of 
20. The remaining Schmitt-trigger sections provide 
complementary outputs. To avoid undesirable parasitic 
effects, you should use good high-frequency wiring 
techniques to construct the current-source-buffer and 
Schmitt-trigger sections . 

The Fig 8 photo gives the key waveforms when the 
circuit is idling at 20 MHz. Trace A is the Schmitt- 
trigger input (you can see that it follows a ramp 
function between two voltage limits), while trace B is 
the trigger's output. The closed-loop approach results 
in very low output jitter and noise over the 150-dB 
operating range. Fig 9 plots this jitter as a function of 
output frequency. The jitter does not exceed 0.01% 
above 20 kHz, a frequency that's only about 0.05% of 
full scale. 

Even at 1 ppm of full scale (30 Hz), the jitter is still 
about 1% and finally rises to 10% at 1 Hz (0.000003% of 
full scale). As the converter's operating frequency 
decreases toward the LTC1052's feedback-loop rolloff, 
the loop begins to dominate the jitter characteristic. In 
the high-frequency ranges, the loop poles are not a 
factor; instead, noise from the current source and 
Schmitt-trigger switching transitions predominate. 

As in the wide-range V/F converter circuit (Fig 7), 
the feedback loop slows step response. The Fig 9 photo 
illustrates this point: A full-scale input step requires 
almost 50 msec to settle. To trim Fig 8’s circuit, ground 
the input, and adjust the 1-Hz trim potentiometer until 
oscillation starts. Next, apply exactly 5V to the input, 
and set the 30-MHz trim potentiometer precisely for a 
30-MHz output. Iterate this procedure until both points 
are fixed. 

V/F converters are not the only types of data con¬ 
verters that can benefit from the LTC1052's perfor¬ 
mance. The circuit in Fig 10 is a 16-bit A/D converter 
that provides 100,000 counts. ( Ed Note : A 16-bit inte¬ 
grating AID converter always has a resolution of 


65,536 counts.) The converter, made up of two 
LTG1052S, a flip-flop, some gates, and a current sink, 
uses a current-balancing technique. 

Once again, the chopper-stabilized LTC1052's 50-nV/ 
°C input drift eliminates offset errors. The Fig 10 photo 
shows the converter's waveforms. Assume the flip- 
flop's Q output (trace B) is low and therefore connects 
the LTC1043's pins 3 and 18. The current sink's output 
thus goes to ground. Under these conditions, the only 
current to IC^'s summing point comes from the input 
via the 95-kD resistor. 

The positive input current forces IG 2 's output (trace 
A) to integrate in a negative direction. The negative 
ramp continues and finally passes the 74G74 flip-flop's 
switching threshold. At the next clock pulse (trace G), 
the flip-flop changes state (trace B), and this event in 
turn causes the LTG1043's switch positions to reverse. 
Pin 3 connects to pin 15 to allow the current sink to bias 
IG 2 's summing point. 

This action results in a quickly rising, precise current 
flow out of IG 2 's summing point. This current, scaled to 



Fig 12—Using digital circuits for an analog function, this configu¬ 
ration uses CMOS inverters to increase an amplifier's output- 
current capability. Contrary to their nature, the inverters operate in 
the linear region. 
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Parpillekd CMOS inverters provide m 
output-current capability as hi^h as 
20 mA. 


be greater than the maximum input-derived current, 
forces 102^8 output ramp to reverse and integrate in the 
positive direction. At the first clock pulse after IC 2 ’s 
output crosses the flip-flop's triggering threshold, 
switching occurs, and the entire cycle repeats itself. 

Because the reference current is fixed, the flip-flop's 
duty cycle is solely a function of the input-signal cur¬ 
rent into IC 2 's summing point. By gating the clock, the 
flip-flop's output produces the Aqut frequency output. 
The 10-kf2/10-pF network delays the clock signal slight¬ 
ly and, in so doing, eliminates spurious output pulses 
arising from flip-flop delay. Using counters, you can 
extract the circuit's data output (ie, the ratio of output 
A to the clock frequency). 

Because the output is expressed as a ratio, frequency 
stability of the clock is unimportant. Minor parasitic 
charge pumping at the current switch introduces an 
error term that varies with operating frequency of the 
loop. This pumping effect, unless compensated, causes 
a small nonlinearity in the A/D converter's transfer 



Fig 13—To enhance output current, this circuit exploits the low 
offset and drift of the LTC1052 and the high output-current capability 
of the LTS18A. Transistors, used as zener diodes, drop the ±15V 
supplies to levels that are acceptable to the LTC1052. 


function. To solve this problem, the remaining LTC1043 
sections provide compensation by inverting the refer¬ 
ence and returning a very small charge to the current 
sink's output each time the circuit switches. 

The linearity trim scales the delivered charge to 
cancel the parasitic term. To calibrate the circuit, apply 
exactly 5V, and adjust the full-scale-trim potentiome¬ 
ter for 100,000 counts at the output. Next, set the input 
to 1.25V, and adjust the linearity-trim potentiometer 
for 25,000 counts. Iterate the procedure until both 
points are fixed. The converter's accuracy is ±1 count; 
its temperature coefficient is 15 ppm/^C typ. You can 
obtain a better temperature coefficient by using a more 
stable reference than the one discussed here. 

Another application that exploits the LTC1052's low 
offset drift is a remote thermometer. Although many 
remote-thermometer circuits exist, few allow the direct 
transmission of the temperature transducer's output 
over an unshielded wire. The high output impedance of 
most transducers renders their outputs sensitive to 
noise on the line, which therefore requires shielding. 
The circuit in Fig 11 offers one solution to this problem: 
Here, the low output impedance of a closed-loop op amp 
provides ideal line-noise immunity, while the op amp's 
offset-voltage drift assumes the temperature sensor's 
role. 

Using the op amp in this way entails no external 
components and offers the advantage of a hermetically 
sealed package. The use of the AD547J op amp is 
arbitrary; any good amplifier with finite drift suffices 
for the application. The LTC1052 simply amplifies the 
op amp's offset drift to drive the meter. Because of the 
diode-bridge connection, you can use op amps with 
either positive or negative temperature-sensor drifts. 

In the example shown, the circuit is configured for a 
10 to 40°C output, although it can easily accommodate 
other ranges. To calibrate the circuit, place the op-amp 
sensor into a WC environment, and trim the 10°C-trim 
potentiometer for an appropriate meter indication. 
Next, perform a comparable operation at 40°C. Iterate 
the procedure until both points are fixed. Once cali¬ 
brated, the circuit provides accuracy that's within ±2°C 
typ—even in high-noise environments. 

In other circuit applications, you might need more 
output current or a wider voltage swing than the 
LTC1052 can provide. The IC's CMOS output stage 
can't provide the levels of current attainable in bipolar 
op amps. Furthermore, you might need to run the 
device from ± 15V supplies in addition to requiring the 
increased current and voltage outputs. The circuit in 
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Fig 12 uses a package of paralleled CMOS inverters to 
provide an output-current capability as high as 20 mA. 

The inversion in the loop demands that the feedback 
connect to the op amp’s noninverting input. The RC 
damper at the output prevents oscillation in the paral¬ 
lel-inverter stage, which operates in its linear region. 
The local capacitive feedback around the amplifier 
provides loop compensation. 

The circuit in Fig 13 illustrates one way to run the 
LTC1052 from ±15V supplies and, at the same time, 
obtain the increased current- and voltage-output capa¬ 
bilities of the LT318A amplifier. The transistors oper¬ 
ate as zener diodes by dropping the supplies to approxi¬ 
mately ±7V at the LTC1052. The LT318A serves as an 
output stage with a voltage gain of four. 

The output range is the same as that of the LT318A, 
± 13V into 2 kfl typ with a short-circuit current of 20 
mA. The circuit is dynamically stable at any gain in 
either the inverting or noninverting configuration. Be 


careful, however, not to exceed the LTC1052’s input 
common-mode range: -7 to +5V with the ±15V power 
supplies used in this example. EDN 
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Design linear 

circuits for 5 V 
operation 


Although you often have to include linear 
circuit junctions in predominantly dipfital 
systems, you no lonpier need to power the 
linear circuits from separate supplies. New 
components and design techniques let you 
power linear circuitry from the 5V logic 
rail. 


Jim Williams, Linear Technology Corp 

When you incorporate linear circuit functions in your 
digital system, you can avoid adding an extra supply 
just to power them. Instead, you can use analog compo¬ 
nents that furnish high performance when connected to 
the system's 5V logic supply. 

Consider, for example, the LT1014 quad (or the 
LT1013 dual) op amps, which can operate from 5V 
supplies but whose specs compare favorably with those 
of the best ±15V op amps, and the LT1017/1018 Series 
dual comparators, which combine low power and high 
dc precision with speeds adequate for most applica¬ 
tions. The common-mode range of these devices in¬ 
cludes ground, which makes it easy to operate them 
from a single supply. (The nearby table summarizes the 
devices' specs.) In addition, the op amp's outputs can 
swing very close to the ground rail. 

You can use such components to design signal-condi¬ 
tioning circuitry that operates from a 5V supply. Fig 1 

EDN May 2, 1985 


illustrates a scheme that provides complete, linearized 
signal conditioning for a platinum RTD that has a 
highly linear positive temperature coefficient. One side 
of the RTD sensor is grounded to minimize noise 
problems. The LT1004 2.5V reference establishes A/s 
operating point, and A/s output serves as a reference 
for the current source (Qi and Q 2 ). 

The RTD is a constant-current device, so its voltage 
drop varies as a function of its resistance. A slight 
nonlinearity in the sensor's resistance curve causes 
several degrees of error over the circuit's 0 to 400°C 
operating range. A 2 amplifies Rp's output and simulta¬ 
neously provides nonlinearity correction by feeding a 
portion of its (A 2 's) output back to Ai's input via the 
lO-kD/250-kD resistive divider. Consequently, the cur¬ 
rent-source output shifts with Rp's operating point, 
compensating for sensor nonlinearity to within 
±0.05°C. 

A3, which is also referenced to the LT1004, conditions 
the offset signal at A 2 's inverting input so that OV at 
A 2 ’s output is equal to 0°C. The resistive divider at A 4 's 
noninverting input establishes circuit gain. 

You can calibrate this circuit by substituting a preci¬ 
sion decade resistance box (eg, GenRad's 1432K) for Rp. 
You set the box for lOOD (0°C value) and adjust the 
offset trim for a OV output. Then you set the box for 
154.260 (140°C), and adjust the gain trim for a 1.4V 
output. Finally, you set the decade box at 2490 (400D, 
and trim the linearity adjustments until the circuit 
output equals 4V. By repeating this sequence until you 
fix all three points, you'll establish a total error range of 

163 





BASIC SPECS FOR THE LT1014 
AND LT1017/1018 COMPONENTS 


PARAMETER 

LT1014 

LT1017/1018 

Eos (l^V) 

150 

500 

Eos TC (piV/°C) 

2 

5 

BIAS CURRENT (nA) 

20 

100 

SUPPLY CURRENT (jxA) 

500 

60(1017) 

240 (1018) 

GAIN 

1.5 X 106 

106 

COMMON-MODE RANGE (V) 

OTO (Vs-1.5V) 

OTO (Vs-1.4V) 

SUPPLY VOLTAGE (Vg) 

3.4 TO 40V 

1.2 TO 36V 

NOISE (0.1 TO 10 Hz) 

0.55 |xV p-p 

- 

RESPONSE TIME (ptSEC) 

- 

1 (1018) 

OUTPUT CURRENT 

- 

25 mA PULL DOWN 
60 ijlAPULLUP 

OUTPUT SWING (V) 

NO LOAD 

6000 LOAD 

0.025 TO (Vs-IV) 

0.01 TO(Vs-1.6V) 

- 


±0.05°C max over the entire temperature range. 

Although the resistance values in Fig 1 are for a 
sensor with a nominal 0°C resistance of 100ft, you can 
use sensors with different nominal resistance values by 
factoring in the deviation from 100ft. This deviation, 
specified by the manufacturer for each individual 
sensor, is an offset term that's caused by winding 
tolerances during RTD fabrication. The gain slope of 


platinum is primarily fixed by the purity of the materi¬ 
al, and it represents a very small error term. 

Fig 2 illustrates a second signal-conditioning circuit, 
this one for a thermocouple. The design features cold- 
junction compensation; one leg of the thermocouple is 
grounded, which minimizes noise problems. One switch 
section of the LTC1043 combines the compensation 
network's differential output with the thermocouple's 
output at the input of the LTC1052. 

The 1043's second switch section generates a small 
negative potential, which allows the 1052's output stage 
to operate as a class A amplifier for low-level outputs, 
permitting a swing to zero volts. 

The table in Fig 2 lists optimum resistance values for 
various thermocouple types. By adjusting the Rp/Ri 
divider ratio, you can set output scaling to whatever 
slope you desire. Over a 0 to 60°C range, cold-junction 
compensation holds to within ±1‘"C. 

Condition a pressure-transducer output 

You can also signal-condition the bridge output of a 
strain-gauge pressure transducer (Fig 3). Despite the 
2-amplifier circuit's simplicity, it provides an auxiliary 



Fig 1—To minimize noise problems ^ this signal-conditioning design scheme grounds one side of the RTD sensor. 
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Theoretically, transducers with sin£(le-ended 
outputs don^t require a differential-input 
instrumentation-type amplifier. 


ratio output for a monitoring A/D converter, and it 
minimizes the need for precision resistors. 

Ai provides bias for the LT1044 positive-to-negative 
converter. As the 1044's output pulls the bridge output 
negative, it balances A/s input at OV. Thanks to this 
local-loop action, a single-ended amplifier (A 2 ) can han¬ 
dle the bridge's differential output. 

A 2 's gain is set to provide the desired output scale 
factor. The RC network at the amplifier's input pro¬ 
vides noise filtering. Because the LT1004 reference 
provides the bridge drive, power-supply shifts have no 
effect on A/s output. 

To calibrate this circuit, apply (or electrically simu¬ 
late) 0 psi, and trim the zero adjustment for OV output. 
Next, apply (or electrically simulate) 350 psi, and trim 
the gain for 3.5V output. Repeat these adjustments 
until you fix both points. 

Taking care of detection needs 

The circuit in Fig 4a may look like just another 
scheme for signal conditioning; however, besides signal 
conditioning, it performs a more complex mathematical 
operation: It monitors the methane level detected by 


the specified transducer (the circuit's frequency output 
is directly proportional to the methane level). The 
transducer output varies approximately as 

_ 1 _ 

VCONCENTRATION ’ 

and the circuit linearizes this function. 

Ai converts the sensor's resistance value (vs methane 
concentration) to a voltage and feeds A 2 . The LT1004 
serves as a reference. The exponential relationship 
between a transistor's Vbe and its collector current is 
used to generate a current in Qs's collector that's 
proportional to the square of A 2 's input current. This 
operation compensates for the sensor's square root 
term. Qs's collector current establishes the operating 
point for the oscillator (A3, Ai). 

A3, an integrator, generates a positive-going linear 
ramp (trace A in Fig 4a). The summing point at Ai 
(trace B) compares the ramp with Qs's current. Ai is 
configured as a current-summing comparator (the 
diode-bound feedback network minimizes delay caused 
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NOTES: 
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Fig 2—Featuring cold-junction compensation, this signal conditioner works with a variety of thermocouple types. 
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Clecin supplies are not the rule in the 
digital world, they are the exception. 


by output slew time). When the ramp forces the sum¬ 
ming point positive, A 4 's output (trace C) swings nega¬ 
tive. The output of CMOS inverter A (trace D) goes 
high, turning on the C4016 switch to reset the 
integrator. 

At the same time, the output of inverter B (trace E) 
goes low, supplying positive ac feedback to A 4 ^s nonin¬ 
verting input (trace F). When the positive feedback 
decays, A^'s output goes high, enabling the integrator, 
and the entire cycle repeats. 

Qs^s collector current determines how long A 3 gen¬ 
erates the ramp before iCs reset by A 4 . The ramp time is 
directly proportional to Qs^s collector current; thus, the 
oscillation frequency is inversely related to the current. 

The transfer function for the overall circuit takes the 
form 1/X^, which, in theory, should linearize the sen¬ 
sor's output. In practice, the sensor response deviates 
slightly from the ideal, and is actually 

1 

1.9^_ ( 2 ) 

VCONCENTRATION 

The reset time constants at A 4 's input introduce 
enough oscillator down time to partially compensate for 
the deviation. Because the oscillator's down time re¬ 


tards frequency shifts, it affects the oscillator's high 
frequencies, providing a first-order compensation. The 
overall linearization achieved (Fig 4b) is within the 
sensor's manufacturing tolerances. The slight bump in 
the circuit's response curve is caused by the mismatch 
between the denominator terms of the sensor-response 
expression (Eq 1) and the circuit's transfer function. 
The down-time correction in the oscillator smoothes this 
error out above 4000 ppm. 

The LT1044 voltage converter generates a negative 
supply voltage directly from the 5V rail. The sensor's 
heater is powered from the 5V rail, as the manufacturer 
specifies. To calibrate the circuit, place the sensor in a 
1000 -ppm-methane environment and adjust the b-kfl 
trimmer to develop a 100-Hz output. Circuit accuracy 
from 500 to 10,000 ppm is limited by the sensor's 10% 
specification. 

Taking care of noise problems 

Although many transducer-based analog functions 
are compatible with 5V-power-supply operation, you 
shouldn't overlook a source of possible trouble: noise. 
Theoretically, transducers with single-ended outputs 
don't require differential-input instrumentation-type 
amplifiers. In many applications, however, common- 


5V 



Fig 3—Despite its simplicity, this circuit, which conditions a strain-gauge pressure transducer’s output, minimizes the need to use p}'ecision 
resistors; m fact, you don’t have to worry about resistor matching at all. 
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mode noise is often larger than the signal of interest, so 
most transducer-based systems do employ instrumen¬ 
tation-type amplifiers. 

If you need such an amplifier, you’ll have to build 
your own, because no commercially available instru¬ 
mentation amplifier will function from a 5V supply. You 


can use the circuits in Fig 5 to build an instrumentation 
amplifier. The circuits feature input protection, filter¬ 
ing capability, and a shield-driver output. 

In Fig 5a, Ai, A 2 , and A 3 provide the differential- 
input to single-ended-output conversion; Rg sets the 
gain. Because of the offset and drift performance of this 



0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 

METHANE CONCENTRATION (PPM) 


(b) 


TRACE 

VERTICAL 

HORIZONTAL 

A 

200 mV/DIV 

200 i^SEC/DIV 

B 

5V/DIV 

200 n,SEC/DIV 

C 

2V/DIV 

200 m-SEC/DIV 

D 

20V/DIV 

200 H.SEC/DIV 

E 

20V/D1V 

200 jiSEC/DIV 

F 

10V/DIV 

200 ixSEC/DIV 


Fig 4—To linearize transducer output, this detector circuit (a) takes advantage of the exponential relationship between a transistor's Vbe and 
its collector current. Overall circuit linearization (b) is within the sensor's manufacturing tolerances. 
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One key to cichievin£i ^ood design results is 
to consider power bus routing an intepfral 
part of the signal-processing chain. 


circuit, the circuit will accommodate low-level trans¬ 
ducers such as thermocouples and strain gauges. 

The RC networks at the inputs filter out noise and 
60-Hz pickup—^the LT1014 is never exposed to high- 
frequency common-mode noise. The transistors and 
Schottky clamp diodes combine with the lOO-kfl resis¬ 


tors to prevent high voltage spikes or faults, which are 
common in industrial environments, from doing any 
damage to the circuit. To reduce the effects of input- 
cable capacitance, you can use A 4 to drive the cable 
shield at the input common-mode voltage level, which is 
derived from the output of the input amplifiers. 


(a) 




lOk* 

wv^ 


10k* 


OFFSET VOLTAGE —500 ^IV 
OFFSET VOLTAGE DRIFT—4 ^JLV/'’C 
GAIN DRIFT—RESISTOR LIMITED 
CMRR—lOOdB 
PSRR —lOOdB 

GAIN ACCURACY—RESISTOR LIMITED 
BANDWIDTH —1 MHz (UNITY GAIN) 
COMMON-MODE RANGE—0 TO 3.5V 



OUTPUT 


NOTES: 

A, THROUGH A4~LT1014 QUAD OP AMP 
*1% FILM RESISTORS. 

MATCH TO WITHIN 0.05% 
TRANSISTORS—2N2222A 
DIODES—HP5082-2810 


GAIN EQUATION: A = 


200,000 


+ 1 


(b) 


INPUT 


NOTES: 

OFFSET VOLTAGE—5 ^JLV 
OFFSET VOLTAGE DRIFT—0.05 piV^C 
GAIN DRIFT—SET BY R^/Rj DRIFT 
CMRR—120 dB (DC TO 20 kHz) 
PSRR—120 dB MIN 



GAIN ACCURACY—SET BY R^/Rj ACCURACY 
BANDWIDTH —10 Hz 
COMMON-MODE RANGE—0 TO 5V 






(NONPOLARIZED) 


- - 0.5 V 


Fig 5 — Input protection and filtering capabilitg are key features of these instrumentation-type amplifiers. What circuit you select depends 
on your application: Ycni can opt for wide bandwidth (a) or trade bandwidth for high dc precision (b). 
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If you need a wider bandwidth, use the circuit in Fig 
5 a. If you need higher dc precision, use the circuit in 
Fig 5b, in which one section of an LTC1043 switched- 
capacitor building block provides the differential-to- 
single-ended conversion by alternately commutating a 
1-)jlF capacitor between the circuit input and the 
LTC1052's input. This scheme allows the 1052 to make 
measurements referenced to ground. The 1043's other 
switch section generates a small negative potential, 
allowing the 1052 output to swing all the way to OV. 

Although the circuit bandwidth is limited to 10 Hz, dc 
precision is excellent, surpassing that available in all 
monolithic ±15V instrumentation amplifiers. The 
LTC104Ts switching action, set at about 400 Hz by the 
0.01-)jlF capacitor, simulates the performance of a low- 
pass filter. The switching action provides a high degree 


of noise rejection—CMRR specs in excess of 120 dB at 
20 kHz. 

You can also power circuits like motor controllers, 
current-loop transmitters, dc/dc converters, limit com¬ 
parators, and A/D converters from the 5V logic rail. Of 
course, these applications will require novel designs. 
The circuit in Fig 6 , for instance, provides a means of 
servo-controlling the speed of a dc motor. Because it 
operates from the 5V logic supply, this design doesnT 
require additional motor-drive supplies. The circuit 
senses the motor's back EMF to determine the motor's 
speed. It uses the difference between the speed and an 
established set point to close a sampling loop around the 
motor. 

Specifically, Ai generates a pulse train (trace A in 
Fig 6 ). When A/s output is high, it turns on Qi, and Q 3 


5V 




TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

1 mSEC/DIV 

B 

5V/DIV 

1 mSEC/DIV 

C 

5V/DIV 

1 mSEC/DIV 

D 

5V/DIV 

(AC COUPLED) 

1 mSEC/DIV 


Fig 6 — Offering a 20-rpm to full-speed control range, this circuit senses a motor's back EMF to determine the motor's speed. 
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Galvanically isolating the Umar circuits is 
probably the most ejfective way to deal with 
digital-supply mise. 


Using logic supplies 

Operating linear components 
from logic supplies can be diffi¬ 
cult because of the fast clocking 
and transient high currents 
characteristic of digital systems. 
One key to achieving good de¬ 
sign results when you're running 
linear components from 5V sup¬ 
plies is to consider power-bus 
routing as an integral part of 
the signal-processing chain. 

As Fig A shows, supply-rail 
impedances cause both dc and ac 
errors at various points in a sys¬ 
tem. This is true of any power 
distribution scheme, but it's es¬ 
pecially troublesome in digitally 
oriented systems where fast cur¬ 
rent spiking and clock harmonics 
are present. 

Circuitry located at position 
A, for example, will experience 
appreciable positive rail noise. 


and the relatively high currents 
returning through conductor im¬ 
pedances will corrupt the 
ground potential. Although you 
can reduce positive rail noise by 
bypassing the supply, ground- 
potential uncertainty can still 
cause unacceptable errors. 

Locating linear circuits as 
shown at position B eliminates 
the digitally related currents 
and reduces both positive- and 
ground-rail problems. The linear 
device's lower operating current 
leads to fewer errors resulting 
from supply-distribution 
impedances. 

For supply bypassing, LC fil¬ 
ters are substantially more effec¬ 
tive than simple capacitors are, 
especially in designs in which it's 
not practical to route the posi¬ 
tive rail directly from the sup¬ 


ply. When you use RC filtering, 
voltage drops across the resis¬ 
tor, but this is often acceptable 
because most linear components 
have low power requirements. 

In many cases it's impossible 
to develop a clean power supply 
for the linear components. In 
such circumstances, it may be 
possible to have all noise-sensi¬ 
tive linear circuit operations 
occur between system clock 
pulses. This approach takes ad¬ 
vantage of the synchronous na¬ 
ture of most digital systems. 
Also, supply bus disturbances 
are often at a minimum between 
clock pulses. 

Finally, galvanically isolating 
the linear circuits is probably 
the most effective way to deal 
with digital-supply noise. 
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9 +v 
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SIMPLE 

O +V 
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COMPLEX, BUT IT PROVIDES 

GOOD HIGH-FREQUENCY 
REJECTION WITH LOW 

DC LOSSES. INAPPROPRIATE 

FOR USE WITH FAST 

? 

LINEAR CIRCUITRY. 

o+v 

THE RC FILTER IS EFFECTIVE 

FOR HIGH-FREQUENCY REJECTION. 

<TO RAIL 

BUT IT HAS DC LOSSES. 

YOU CAN USE THIS APPROACH 

WITH LOW-CURRENT LINEAR 

T 

CIRCUITS. DON’T USE THIS 

* 

APPROACH WITH FAST LINEAR 
CIRCUITRY 


Fig A—Errors caused by supply-rail impedances are a major problem in digitally oriented systems where fast current spiking and 
clock harmonics are present. 
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drives the motor's ungrounded terminal (trace B). 
When Ai goes low, Q 3 turns off, and the motor's back 
EMF appears at the motor terminals after the induc¬ 
tive flyback ceases. During this period, Si's input (trace 
C) turns on, and the 0.047 -|jlF capacitor charges to the 
value of the back FMF. A 2 compares this value with the 
setpoint level, and the amplified difference (trace D) 
changes Ai's duty cycle to control motor speed. A 2 has 
the desirable characteristic of assuming unity gain 
when there's no feedback signal; as a result, start-up or 
input overdrive, which causes the loop to lose control of 
motor speed, cannot force the sampling loop to experi¬ 
ence servo lock-up. The loop is self-restoring; that is, it 
will re-establish control over the motor speed when 
abnormal conditions cease. 

For the circuit to operate properly, you must careful¬ 
ly control Si's input signal. Q 2 prevents switch closure 
until the negative-going flyback interval is over, and 
the 0.068-|jlF capacitor slows the switch's turn-on 
speed. These measures ensure that the signal the 
circuit applies to the 0.047-|jlF storage capacitor will be 
clean. The diodes in Q 2 's collector compensate for the 
motor's clamp-diode drops, ensuring that no destruc¬ 


tive negative voltages appear at Si's input. This cir¬ 
cuit's control range extends from 20 rpm to full speed. 

Note that the gain and roll-off terms in A 2 's feedback 
loop are optimal for the motor shown; if you use a 
different motor, you have to change the values of the 
components in the feedback loop. 

Generally, process-control circuitry used in industrial 
environments must transmit standard 4- to 20 -mA 
current-loop signals to valves and other actuators. 
Because of resistive line losses and actuator imped¬ 
ances, industrial current-loop transmitters must be 
able to develop at least a 20 V drive capability. Systems 
that operate from 5V usually don't meet this 
requirement. 

The circuit in Fig 7, however, does meet industrial 
current-loop-transmitter requirements. The circuit's 
design uses a servo-controlled dc/dc converter to gener¬ 
ate the compliance voltage necessary to meet current- 
loop requirements. The circuit can drive 4- to 20 -mA 
signals into loads as high as 2200D (44V compliance), 
and it's inherently short-circuit protected. 

Fig 7’s amplifier A 2 accepts the circuit input and 
biases the noninverting input of Ai via the offsetting 



NOTES: 

*1% FILM RESISTORS 
*‘0.01% RESISTORS 
npn TRANSISTORS —2N2222 
pnp TRANSISTORS —2N2905 
Ti—PICO 31080 
INVERTERS —74C04 


4- TO 20-mA OUTPUT 
TO LOAD (2200 MAX) 


Fig 7 — Using a dcldc converter to generate the required compliance voltage, this loop transmitter, which operates frojn a single 5V supply, 
can drive U- to 20-mA current signals into loads as high as 2200ft. 
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A move to lower power-supply voltages for 
dipital circuits underscores the need for 
low-voltage, hipfh-performance linear ICs. 


network. Ai's output goes high, turning on Q 4 and Q 3 . 
Qs's collector drives the dc/dc converter (Ti, Qi, Q 2 ), 
which the RC-gate oscillator clocks. Ti steps up the 
voltage, and after rectification and filtering, secondary 
current flows through the lOOfi resistor and the load. 
AiS inverting input measures the voltage across the 
lOOfi resistor, completing a current-control loop around 
Ti. The 0.33-(xF capacitor provides stable loop roll-off, 
and the 100-pF capacitor suppresses local oscillation at 
Q 4 . Ai maintains constant output current within the 
compliance limit, regardless of load impedance shifts or 
supply changes. 

Calibrating this circuit is a straightforward process. 
First, you short the output, apply OV to the input, and 
adjust the 4-mA trim to develop 0.3996V across the 
lOOfi resistor. Next, shift the input level to 4V and 
adjust the 20-mA trim for 1.998V across the lOOfi 


resistor. Repeat this procedure until you fix both 
points. The odd voltage-trim target values result be¬ 
cause the gain trim network shunts the 100(1 resistor. 

Another difficulty with operating analog circuits 
from 5V supplies is that such supplies are not often 
clean ones. The circuit in Fig 8 minimizes the noise 
problems by performing a fully isolated limit compari¬ 
son on low-level signals. It produces a digital output 
that indicates whether the input is above or below a 
preset limit. The circuit is well suited for pro- 
cess-control applications in which transducers operate 
at high common-mode voltages or in which large ground 
loops exist. The damper network in A/s output allows it 
to function as an op amp for low-level signals, so this 
circuit will accommodate thermocouples and other low- 
level sources. 

Fig 8 ^s circuit functions by echoing an interrogation 




TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 |xSEC/DIV 

B 

10 mA/DIV 

500 fxSEC/DIV 

C 

5V/DIV 

500 ^JLSEC/DIV 


5V/DIV 

500 |xSEC/DIV 


Fig 8—Suitable for process-control applications where transducers operate at high common-mode voltages, this circuit produces a digital 
outpait that indicates whether the input is above or below a preset limit. 
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0TO3V 

INPUT VOLTAGE 



4700 pF 
POLYSTYRENE 


100k 

-O ^iso 




NOTES: 

INVERTERS —74C04 
DIODES~1N4148 
*1% FILM RESISTORS 
rh FLOATING COMMON 
SYSTEM GROUND 



CONVERT COMMAND 
(500 ^JLSEC) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DiV 

50 mSEC/DIV 

B 

2V/DIV 

50 mSEC/DIV 

C 

5V/DIV 

50 mSEC/DIV 

D 

10V/DIV 

50 mSEC/DIV 

E 

5V/DIV 

500 piSEC/DIV 

F 

2V/DIV 

500 |xSEC/DIV 

G 

5V/DIV 

500 ixSEC/DIV 


Fig B—Completely floating from system ground, this 10-bit A/D converter is useful in industrial environments, where noise and high 
common-mode voltages in transducer-driven systems are common 'problems. Scope-photo traces A, B, C, and D are described in the text; trace 
E shows the convert-command pulse; trace F, the transformer primary; and trace G, the TTL-compatible pulses at Qfs collector. 


EDN May 2, 1985 


173 
























































Linear components should not sacrifice 
pefformance when operating from 
logic supplies. 


pulse only when the input is above the preset level. The 
transformer helps to establish a 2 -way, galvanically 
isolated signal path; the energy contained in the inter¬ 
rogation pulse serves to power the circuits^ floating 
elements. 

When you apply an input interrogation pulse, Q/s 
collector drives the transformer primary (trace A in 
Fig 8 ). If the input level is above the preset limit, 
comparator A 2 ’s output will be low, biasing Q 3 on and 
allowing Q 3 to drive current into the transformer secon¬ 
dary (trace B). This current reflects into the transform¬ 
er primary (trace C), where it's detected by a demodu¬ 
lator (Q 2 and its associated gate circuitry) that produces 
an output pulse (trace D). If A 2 's output is high, the 
transformer receives no secondary drive and there's no 
output pulse. 

The high common-mode noise that's characteristic of 
predominantly digital systems also poses problems for 
data converters. Because it completely floats from 
system ground, the 10-bit A/D converter shown in Fig 
9 solves the noise problem. The circuit readily accom¬ 
modates high common-mode noise. The design is also 
useful in industrial environments, where noise and high 
common-mode voltages in transducer-driven systems 
are common problems. 

You initiate circuit operation by applying a pulse to 
the convert-command input (trace A in Fig 9). The 
pulse appears at the transformer secondary and 
charges the 100-|jlF capacitor. This capacitor potential 
provides the supply voltage for the floating A/D conver¬ 
sion circuitry. The secondary's pulse provides two addi¬ 
tional functions—it biases the inverter/open-drain buf¬ 
fer combination to discharge the 4-fxF capacitor (trace 

B) , and it biases a diode to disable the oscillator's (A 2 's) 
3-kHz output (trace D). 

At the same time, A/s output goes high, forcing the 
inverter in its output line to switch to a low state (trace 

C) . When the convert-command pulse ceases, the cur¬ 
rent source (Qi and Q 2 ) charges the 4-|jlF capacitor with 
a linear ramp and enables the oscillator. WTien the ramp 
voltage exceeds the value of the input voltage, Ai's 
output goes low, and the inverter in its output line 
switches to a high state, disabling the oscillator. 

The number of oscillator pulses that occur during this 
interval is proportional to the value of the input volt¬ 
age. The differentiator at Q 3 's base differentiates the 
oscillator pulses and feeds them to transformer driver 
Q3. The spike transformer-drive scheme eases the 
power drain on the lOO-jxF energy-storage capacitor. 
The RC delay in Q 3 's base, in conjunction with the 
inverter/buffer combination at Aib's output, prevents 


Q 3 's emitter pulses from triggering a ramp reset. 

Several factors contribute to the 10 -bit performance 
of this circuit. The 4700-pF and 4-fxF polystyrene 
capacitors both have - 120 -ppm/°C temperature coeffi¬ 
cients. As a result, overall circuit gain drift is about 25 
ppm/°C. The five 74C906 open-drain buffers in parallel 
provide an effective OV reset for the 4-|jlF capacitor, 
thus minimizing offset errors that occur during reset. 
The parallel inverters in Aib’s output line reduce errors 
related to saturation, thereby stabilizing the oscillator 
against shifts in supply voltage and temperature. 

Finally, by synchronizing the oscillator with the 
conversion sequence, the diode path at Q 3 's emitter 
prevents a ± 1-count uncertainty error. The S-kD po¬ 
tentiometer in the current source trims calibration so 
that a 3V input develops an output of 1024 counts. The 
transformer (TRW PCO-35) allows the converter to 
function at common-mode levels ranging to 175V. The 
circuit requires 330 msec to complete a 10-bit conver¬ 
sion and drifts less than 1 LSB over 0 to 50°C. 

A move to lower voltages for digital circuits, which 
must occur, underscores the need for low-voltage, high- 
performance linear ICs. After all, increasing circuit- 
density requirements will dictate that digital-supply 
output levels decrease, lowering the IC breakdown 
requirements. And users will require new equipment to 
be portable, so its circuitry will have to be directly 
compatible with battery potentials. 

However, linear components must not sacrifice per¬ 
formance to function in this low-voltage, digitally driv¬ 
en environment. Despite their narrower dynamic oper¬ 
ating range, low-voltage linear circuits must still be 
able to provide the same precision that higher-voltage 
devices provide. EDN 
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Desim techniques 
extend V/F-converter 
perfonnance 

100-MHz frequency range and a 160-dB ( 8 -decade) 
dynamic range. Its other specifications include a 0 to 
lOV input-voltage range, 0.06% linearity, a 25-ppm/°C 
gain temperature coefficient, and a 50-nV/°C offset- 
voltage shift. 

The circuit includes a crude, but wide-range, voltage- 
controlled oscillator (VCO) and its feedback loop, which 
contains a divider chain, charge pump, servo amplifier, 
and current sink. Buffer IC3 and ECL gate IC5 form the 
VCO. 

The VCO's output frequency, divided by 32, drives 
an LTC1043 switched-capacitor charge pump (ICs). The 
divide-by-32 circuit consists of a divide-by-16 MC10136 
(ICe), a 2N5160 differential-pair level shifter (Q 3 ), and a 
CD4013 D flip-flop (IC7), which is connected as a 
divide-by -2 circuit. 

ICs’s output biases a chopper-stabilized LTC1052 
servo amplifier (ICi), closing the feedback loop around 
the VCO. The charge pump and the chopper-stabilized 
servo amplifier stabilize the VCO's operating point via 
current sink Qi, which is a 2N3904. 

A positive voltage input (between 0 and lOV) to the 
circuit causes IC/s output to swing positive and switch 
Qi on. Qi pulls current (Fig lb, trace A) from the 
MV209 varactor diode, which serves as an integrating 
capacitor for the VCO. 

VCO circuit uses scope-type trigger 

The VCO itself, a ramp generator, uses a trigger 
circuit similar to those used to trigger oscilloscopes. 
The trigger circuit contains IC5 in parallel with a 


A number of design techniques can help you build 
V/F converters that suit your special applications. 
This article, part 1 of a 2-part series, covers some 
general design choices and describes in detail three 
circuits that show improved speed, dynamic range, 
and stability compared with commercial devices. Part 
2 mil detail circuits that feature improved linearity, 
low-voltage operation, sine-wave output, and 
nonlinear transfer functions. 


Jim Williams, Linear Technology Corp 

For many applications, commercially available V/F con¬ 
verters aren't adequate; you must build your own. 
Using new design techniques, you can extend converter 
performance and add a variety of special features. 
Three important parameters that you can manipulate 
to your advantage are dynamic range, speed, and 
stability. 

You can use different approaches to build your ideal 
V/F converter, but what's ideal for one application 
might not be best for another. You make tradeoffs in 
design choices when you optimize for a particular 
capability (see box, ''V/F-converter design: some basic 
choices"). Still, the tradeoffs don't prevent you from 
building circuits that outperform off-the-shelf V/F 
converters. 

If improved speed and dynamic range are your goals, 
then consider Fig la's circuit. It features a 1-Hz to 
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A few design techniques help you build V/F 
converters that outperform off-the-shelf 
versions. 


220n/4-pF RC combination (RiCi) and features voltage 
hysteresis and a 1 -nsec response time. IC3 pulls current 
from the varactor and biases this trigger circuit. When 
ICs's output voltage descends to the triggers lower trip 
point, the trigger's output reverses state. 

ICs's inverting output (pin 15), acting as an unter¬ 
minated emitter follower, deposits a short, positive¬ 
going current spike (trace B) into the varactor-diode 
integrator. ICs’s noninverting output (pin 9) supplies a 
positive-going pulse (trace C) to clock ICe. ICe's divided- 
down output (trace D), level-shifted by a differential 
pair of 2N5160S, clocks IC7, which is connected in a 
divide-by -2 configuration. ICy's Q output, a square 
wave, supplies the clock signal to ICs. 

The switched-capacitor pair in ICs (C2 and C3) runs 


180° out of phase; the capacitors therefore alternately 
drive the servo amplifier's noninverting input (trace F) 
on each transition (positive or negative) of ICs's clock 
input. The frequency of this input is the VCO's output 
frequency divided by 32 (about 3 MHz for this V/F 
converter's 100-MHz max operating frequency), and 
it's within the LT1043's operating range. 

Accuracy depends on zener stability 

The amount of charge delivered to the servo amplifier 
per cycle depends on the reference voltage supplied by 
the LT1009 zener diode and the values of C 2 and C 3 
(Q=CV). In this case, the voltage and capacitor values 
are 2.5V and 100 pF, respectively. The charge pump's 
overall accuracy depends on the stability of both the 


Fig 1—This V/F converters l~Hz to 100-MHz frequency range results from the use of an exceptionally wide-range VCO tuith a charge pump 
and servo amplifier in its feedback loop. 
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LT1009 and the 100-pF capacitors and also on its own 
low charge injection. A difference in the capacitors' 
values within their ranges of tolerance results in a 
slight difference in the charge delivered on the clock's 
rising and falling edges, but this difference doesn't 
influence circuit operation. 

The 0.22-ijlF capacitor (C4) on ICs's output and ICi's 
input integrates ICs's output pulses to dc. ICi inte¬ 
grates the averaged difference between two currents: 
one current from the V/F converter's input, and the 
other current from ICs’s output. ICi's output is thus a 
combination of the circuit's input voltage and its feed¬ 
back signal. It drives current sink Qi and sets the 
VCO's (and, consequently, the V/F converter's) output 
frequency. 

The input voltage also drives IC 2 , a varactor-bias 
amplifier. This inverting amplifier provides a dc-bias 


15V 



voltage for the MV209 varactor diode. This dc-bias 
voltage causes the varactor diode's capacitance to vary 
inversely with the input voltage, helping the circuit 
achieve its 8-decade frequency range. The 1-|jlF capaci¬ 
tor connected between the varactor's anode and ground 
gives the relatively large ramp currents a low-imped¬ 
ance path to ground. 

Circuit subtleties improve performance 

A variety of circuit techniques allow the V/F convert¬ 
er to achieve its impressive specifications. The 
lOOO-Mfl resistor between the 7.5V supply and Qi 
provides enough current to overcome the effects of any 
leakage current from Qi's collector. This current source 
ensures that Qi always acts as a current sink and pulls 
current from the varactor-integrator to sustain VCO 

oscillation, even at the lowest frequencies of oscillation. 

Text continues on pg 158 
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VERT 

HORIZ 

A 

1V/DIV 

(AC COUPLED) 

100 NSEC/DIV 

B 

5 mA/DIV 

100 NSEC/DIV 

C 

1V/DIV 

(AC COUPLED) 

100 NSEC/DIV 
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1V/DIV 

(AC COUPLED) 

100 NSEC/DIV 
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10V/DIV 

100 NSEC/DIV 
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5 mA/DIV 

100 NSEC/DIV 
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A 1-Hz to 100-MHz V/F converter uses a 
crude, but wide-ran^e, volta£ie-controlled 
oscillator and its associated feedback loop. 


V/F-converter design: some basic choices 


You can choose among many 
methods of converting a voltage 
to a frequency. The optimal ap¬ 
proach for your application will 
vary with your requirements, 
which will place varying empha¬ 
sis on precision, maximum out¬ 


put-frequency, response time, 
dynamic range, etc. 

Part a of the figure shows a 
simple design. The input voltage 
(Vin) drives an integrator. The 
slope of the ramp produced by 
the integrator varies with the 


input-derived current (Im). 
When the integrator’s output 
crosses Vref, the comparator 
closes the switch. The switch’s 
closing causes the capacitor to 
discharge, the op amp’s output 
to drop below Vref, and the in- 





You can choose from a variety of V/F-converter designs, tailored 
to your specific needs. Part h*s circuit solves a's integration-time 
problem by configuring the integrator in a charge-dispensing 
loop. Part c*s circuit uses feedback current instead of feedback 
charge to close the loop around the op amp. Circuits d and e 
achieve high linearity, high speed, and wide dynamic range. 



(c) 
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tegration to start over again. 

The frequency of this action is 
directly proportional to the input 
voltage. With careful design, 
one op amp can serve as both 
integrator and comparator. 

A serious drawback of this ap¬ 
proach is the capacitor’s dis¬ 
charge-reset time. This time, 
‘lost” in the integration, results 
in a serious error in linearity as 
the period of the operating fre¬ 
quency approaches it. For exam¬ 
ple, a l-|xsec reset interval pro¬ 
duces a 0.1% error at 1 kHz, 
rising to 1% at 10 kHz. Varia¬ 
tions in reset times also contrib¬ 
ute linearity errors. Because of 
these two error sources, you 
have to restrict this type of cir¬ 
cuit’s operation to low frequen¬ 
cies in order to maintain good 
linearity and frequency stability. 

Put integrator in loop 

The circuit shown in b solves 
the problems introduced by inte¬ 
gration-time errors by configu¬ 
ring the integrator in a charge¬ 
dispensing loop. In this circuit, 
capacitor Ci charges to Vref as 
the integrator’s output voltage 
increases. When the comparator 
switches, the one-shot discon¬ 
nects Cl from Vref and connects 
it to the op amp’s inverting 
input. Cl discharges into this 
node and sums with Iin, forcing 
the op amp's output high. 

Once Cl has discharged, the 
op amp again begins to inte¬ 
grate, and the cycle repeats. Be¬ 
cause the feedback loop forces 
the average value of the sum¬ 
ming currents to zero, the inte¬ 
grator’s time constant and its 


reset time don’t affect the fre¬ 
quency of oscillation. This design 
approach results in circuits that 
maintain high linearity at high 
frequencies—typically within 
0.01% at 1 to 10 MHz. Again, 
with careful design, you can 
make one op amp serve as both 
integrator and comparator. 

The circuit shown in c is simi¬ 
lar to that shown in b, except 
that it uses feedback current 
rather than feedback charge to 
close the loop around the op 
amp. Each time the op amp’s 
output switches the comparator, 
the timing reference closes a 
switch and the current sink pulls 
current from the summing point 
at the op amp’s inverting input. 

Because the sink pulls current 
from the summing junction, the 
integrator’s output swings posi¬ 
tive. At the end of an interval 
determined by the timing refer¬ 
ence, the switch opens, the cur¬ 
rent sink ceases pulling current 
from the summing junction, and 
the integrator’s output again 
swings negative. The timing se¬ 
quence causes the cycle to re¬ 
peat and thereby sustain oscilla¬ 
tion. The frequency of oscillation 
depends on Ijn and is therefore 
directly proportional to the V/F 
converter’s input voltage. 

DC loop correction 

Circuit d uses dc loop correc¬ 
tion. This type of feedback pro¬ 
vides all the advantages of 
charge and current-balancing 
feedback except that its re¬ 
sponse time is slower. DC loop 
correction also offers exception¬ 
ally high linearity (0.001%), out¬ 


put frequencies exceeding 100 
MHz, and a very wide dynamic 
range (160 dB). 

The circuit uses a dc amplifier 
to control a crude V/F convert¬ 
er. The converter is designed to 
achieve very high speed and 
wide dynamic range at the ex¬ 
pense of linearity and thermal 
stability. The converter’s output 
switches a charge pump, whose 
output is compared to the con¬ 
verter’s input voltage. The dc 
amplifier that performs the com¬ 
parison changes the V/F con¬ 
verter’s output frequency so 
that it’s a direct function of the 
converter’s input voltage (Vin). 

The dc amplifier’s frequency 
compensation capacitor, which is 
required because of feedback- 
loop delays, limits the feedback 
loop’s response time. The circuit 
shown in e replaces the charge 
pump with digital counters, a 
crystal-controlled time base, and 
a D/A converter. 

Although it’s not immediately 
obvious, the D/A converter’s 
quantizing limitations don’t de¬ 
termine the circuit’s resolution: 
The dc-feedback loop forces the 
D/A converter’s LSB to oscillate 
around its correct value. The 
loop-compensation capacitor 
damps these oscillations. Conse¬ 
quently, the circuit tracks input 
shifts that are much smaller 
than the D/A converter’s LSB. 
For example, a 12-bit D/A con¬ 
verter (4096 steps) yields a reso¬ 
lution of one part in 50,000. The 
D/A converter’s linearity specifi¬ 
cation, however, does determine 
the V/F converter’s linearity. 
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Using a compensation capacitor with a 
0.1-\xJF value improves circuit settling time, 
but it increases jitter below 1 kHz. 
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200 mV/DIV 
(AC COUPLED) 

10 NSEC/DIV 

B 

10 mA/DIV 

10 NSEC/DIV 


Fig 2 — At 100 MHz, only 10 nsec are available for a complete, 
ramp-and-reset sequence in Fig Vs V/F converter. Trace A shows the 
ramp, and trace B shows the reset current from the ECL-gate’s open 
emitter. 


The parallel combination of the 200-kfl resistor (R2) 
and the 1N914 diode reduces the low frequency jitter 
caused by current-sink noise in Qi at low frequencies. It 
does so by increasing emitter resistance at low base 
bias voltages to reduce current-sink noise at low 
frequencies. The larger voltages encountered at higher 
operating frequencies force the diode to turn on, and Qi 
emitter current bypasses R2. The use of a 2-kfl pull¬ 
down resistor (R3) at the input (pin 12) of the ECL-gate 
trigger IC ensures clean, quick transitions at low- 
frequency ramp slew rates, and it decreases low-fre¬ 
quency jitter. 

The 5-kfl resistor (R4) between the converter’s input 
and ICi has a +120-ppm temperature coefficient; this 
temperature coefficient counteracts the effects of the 
negative temperature coefficients of the 100-pF poly¬ 
styrene capacitors in ICs, thus lowering drift in the V/F 
converter. 

A unity-gain, inverting amplifier (IC4) supplies a 
small current—proportional to the V/F converter’s 
input voltage—^to the charge pump’s voltage-reference 
input. This current cancels nonlinear terms caused by 
residual charge imbalance in the LTC1043. This method 
of correction is effective because both the correction 
current and the effects of the charge imbalance in the 
LT1043 are proportional to the operating frequency. 

The V/F converter’s 100-MHz range sets stringent 
speed requirements on the oscillator’s cycle time: At 


100 MHz, only 10 nsec are available for a complete 
ramp-and-reset sequence in the VCO. This time re¬ 
quirement for resetting the varactor/integrator places 
the overall limitation on the circuit’s maximum operat¬ 
ing frequency. The combination of a small-amplitude 
ramp and the ECL gate’s short switching time provides 
the necessary high-speed operation. Trace A in Fig 2 
shows the ramp, and trace B shows the reset current 
from the ECL gate’s open emitter. Note that the reset 
occurs in 3.5 nsec, with little overshoot. 

Jitter: causes and cures 

Fig 3 plots output frequency vs jitter. Jitter is 0.01% 
at 100 MHz and falls to 0.002% at 1 MHz. In this 
frequency range, noise in the current source and ECL 
trigger dominates jitter. Below 1 MHz, the jitter slowly 
rises as the V/F converter’s operating frequency ap¬ 
proaches the servo amplifier’s low-frequency limit. 

At 1 kHz, jitter is still below 1%. At 1 Hz, jitter 
exceeds 10% for a value (Ccomp) of 1 jxF for the servo 
amplifier’s compensation capacitor (C5). If C5 had a 
value of 0.1 jxF, jitter would be even greater below 1 
kHz (10% at 100 Hz, for example), and the converter 
would not be able to operate at frequencies of less than 
10 Hz because of loop instability and ICi’s noise floor. 
There is, however, a tradeoff between jitter and the 
V/F converter’s frequency range: loop settling time. 
Using the 0.1-|jlF compensation capacitor, the feedback 
loop settles in 60 msec. Using the preferred 1-)jlF 



Fig 3 — A V/F converters jitter varies with output frequency. The 

jitter decreases as output frequency increases and is a function of the 
value of the compensation capacitor in the servo amplifier. 
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Fig 4 — This VIF converter uses feedback directly from a charge pump to achieve its 3~\LSec settling time and 2.5~MHz max output frequency. 
These specifications make the converter a good candidate for applications that require a rapid response to a change in input signal. 
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Some applications require a rapid response 
to a change in input signal. Tou can build 
a VtF converter that specs a 3-usee settling 
time. 


compensation capacitor, the feedback loop settles in 
600 msec. 

To calibrate this V/F converter, you have to set its 
output frequencies to 1 Hz, 50 MHz, and 100 MHz for 0, 
5, and lOV inputs, respectively. First apply lOV to its 
input and adjust the 100-MHz trim resistor (R5) for 100 
MHz at the circuit's output. If you don't have a frequen¬ 
cy counter capable of 100-MHz resolution, then use the 
fo-H32 signal available at pin 16 of the LTC1043 charge 
pump. For a 100-MHz output frequency, this signal 
should be 3.125 MHz. 

Next, remove the lOV input to the converter and 
ground the converter's input. Install C 5 between ICi's 
inverting input and its output. Adjust the 1 -Hz trim 
potentiometer (Re) so that the converter oscillates at 1 
Hz. Finally, apply a 5V input to the converter and 
adjust the linearity trim potentiometer (R7) for a 
50-MHz converter output. Repeat these three adjust¬ 
ments until you achieve the desired output-frequency 
settings. 

Converter settles quickly 

Although Fig 4a’s circuit doesn't have anywhere near 
the frequency range of Fig la's circuit, its 2.5-MHz 
full-scale output settles from a full-scale step input in 
only 3 |jLsec. This quick response time makes the circuit 
a good candidate for applications—such as frequency 
modulation—that require a rapid response to a change 
in input signal. The circuit also features 0.05% linearity 
with a 50-ppmrC gain temperature coefficient. A chop¬ 
per-stabilized correction network, built around IC3, 
holds zero-point frequency drift to 0,025 Hz/°C. 

Like Fig la's circuit. Fig 4a's circuit uses charge 
feedback. This converter, a high-speed charge-dispens¬ 
ing type, does not use a servo (integrating) amplifier, 
but instead supplies charge feedback directly, so the 
converter responds quickly to input steps. Although 
this approach realizes a fast-response circuit, it does 
have a drawback: You must minimize circuit parasitics 
to achieve high voltage-vs-frequency linearity and pre¬ 
vent output-frequency drift. 

V/F reference includes diode bridge 

Integrator ICi, comparator IC 2 , the 74C04 inverters, 
and the LT1004 diode bridge form the V/F converter. 
The feedback path is from the diode bridge to ICi's 
inverting input through a 50-kfi/50-pF RC combination 
(RiCi). (Cl is a polystyrene capacitor with a - 120 -ppm/° 
temperature coefficient.) 

When you apply a 0 to 5V input to this V/F convert¬ 


er, ICi's output goes low (Fig 4b, trace A). WTien ICi's 
output crosses zero, IC 2 ’s output switches from nega¬ 
tive to positive, thereby causing the paralleled invert¬ 
ers' outputs to go low (trace B). The parallel combina¬ 
tion of a 220-pF capacitor and a l-kH resistor (R 2 C 2 ) in 
series with IC 2 ’s inverting input provides a lead to 
extend the converter's high-frequency response. 

The low output of the inverters causes the LT1004- 
based diode bridge to reach its limit of -2.4V dc. 
Positive feedback (trace C) through a 3.3-pF capacitor 
(C3) to IC 2 's noninverting input reinforces the IC 2 
output's positive swing. WTiile IC 2 ^s output is going high 
and the inverters' outputs are going low, the negative 
voltage at the diode bridge pulls charge through the 
RiCi from the summing junction at ICi's inverting input 
(trace D). 

Input determines oscillation frequency 

This loss of charge at ICi's input causes its output to 
swing positive and the IC 2 /inverter combination to 
switch the inverters' output high and pull the diode 
bridge's output to its positive bound at +2.4V. WTien 
the charge rernoval decays, ICi's output again swings 
negative, and the cycle repeats. The frequency of this 
oscillation is a linear function of the V/F converter's 
input voltage. 

Diodes Di and D 2 compensate for the voltage drops of 
the diodes in the bridge. Qi compensates for Q 2 . These 
diode-connected transistors feature lower leakage cur¬ 
rents than conventional diodes. Q 2 thus provides low 
leakage current from ICi's summing (inverting) junc¬ 
tion. Chopper-stabilized op amp IC 3 provides offset 
trimming for ICi, eliminating the need to zero-trim the 
amp. 

Op amp IC4, connected as an emitter follower, pre¬ 
vents the oscillator from latching up, an outcome made 
possible by the inclusion of the ac-coupled feedback 
loop. If the circuit does latch up, then ICi's output 
swings to the negative rail and stays there. This action 
causes IC4's output to go high, which in turn forces ICi's 
output high and restarts oscillation. The diode con¬ 
nected to ground at ICi's inverting input ensures that 
the start-up loop can override any input condition by 
limiting the maximum voltage at this terminal. 

RC combination improves linearity 

The RiCi combination improves the circuit's V/F- 
conversion linearity by permitting complete capacitor 
discharge on each oscillator cycle. The 24-kfi resistor 
(R3) at the V/F converter's input has a + 120 -ppm/°C 
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temperature coefficient; this temperature coefficient 
compensates for C 2 ^s - 120 -ppm/°C coefficient. 

Fig 4c’s scope photo shows the circuit’s response to a 
step in input voltage. Trace F shows the circuit’s input 
voltage, and trace G shows the response in the circuit’s 
output waveform. The frequency shift is quick and 
clean, with no evidence of poor transient response or 
delayed response caused by time constants. 


To calibrate this V/F converter, simply apply 5V to 
the converter’s input and adjust the 2.5-MHz trim 
potentiometer (R4) for 2.5 MHz at the converter’s 
TTL-compatible output (Fig 4b, trace E). Because IC 3 , 
which compensates for ICi’s offset voltage, itself has a 
low-offset voltage output, the converter doesn’t need a 
zero-trim adjustment. Once calibrated, the V/F con¬ 
verter maintains 0.05% linearity with 50-ppm/°C drift 
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0.5V/DIV 
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20V/DIV 
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20V/DIV 
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20 aiSEC/DIV 


Fig 5—This V/F converter achieves high stability by using a quartz crystal instead of a capacitor as the reference element in its 
charge pump. 
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The fmt-settUng converter has a quick^ 
clean frequency shift. There^s no evidence of 
poor transient response or delayed response 
caused by time constants. 


across the 1-Hz to 2.5-MHz range. 

In the previous two V/F-converter circuits, the 
+ 120-ppm/°C drift in the charge-pump capacitors (C 2 
and C 3 in Fig la’s circuit and Ci in Fig 4a’s circuit) 
affect the gain temperature coefficient. Although com¬ 
pensation schemes (the use of resistors with - 120 -ppm/ 
°C temperature coefficients) minimize the effects of this 
drifts you need to use another approach to achieve 
significantly lower gain drift. 

The circuit shown in Fig 5a has a gain temperature 
coefficient of 5 ppm/°C. It achieves this high degree of 
stability by using a quartz crystal instead of a capacitor 
as the reference element in its charge-pump circuit. 

In the charge-pump circuits of Figs la and 4a, the 
amount of charge used as feedback is based on the 
relationship Q=CV, where Q is the amount of charge in 
coulombs, C is the capacitance in farads, and V is the 
voltage across the capacitor. This voltage is supplied by 
reference circuits (the LT1009, etc) in the previously 
discussed circuits. 

Reference checks capacitance drift 

The crystal-based reference governs the amount of 
charge used as feedback according to a different rela¬ 
tionship: Q=IT, where I is the current in amperes from 
a stable current source and T is the interval of time in 
seconds derived from the crystal-based clock. This 
relationship eliminates the change in the amount of 
charge caused by the drift in the C value. 

In this circuit, the crystal-based reference is a relaxa¬ 
tion oscillator (IC2). The oscillator supplies a 100 -kHz 
signal to the CLK 2 input of a 74C74 dual D flip-flop 
(IC4). This section of the flip-flop, connected as a 
divide-by-2 circuit, provides a 50-kHz reference for the 
flip-flop’s CLKi input. This 50-kHz reference provides a 
clock for a circuit that gates a precision current sink and 
thus controls this V/F converter’s charge feedback. The 
precision current sink comprises IC3, an LM199 voltage 
reference (IC5), a 2N4391 FET, and half an LTC1043 
switch (ICe). 

Reverse-biased 2N3904 transistors serve as zener 
diodes and provide approximately 15V across the 
CMOS flip-flop. The 1N914 diodes across the flip-flop’s 
Di input prevent damage to the flip-flop that may be 
caused by transients from ICi during the converter’s 
power-on transition. 

Fig 5b’s photo shows selected waveforms from the 
circuit. A positive input voltage causes integrator ICi’s 
output to swing negative (trace A). This output drives 
IC 4 ’s Di input through a 1 -kfl resistor. IC 4 ’s Qi output 


(trace B) changes state at the first low-to-high clock 
transition that occurs after the input to Di has crossed 
Di’s switching threshold. 

Flip-flop controls current-sink output 

IC 4 ’s Qi output controls the output gating of the 
precision current sink. When integrator IC/s output 
swings negative, IC 4 's Qi output is high, causing ICe to 
switch the current sink’s output to ground via the 
switch’s pins 7 and 11. 

The change in Qi’s output causes ICe to close the 
connection between its pins 8 and 11. The precision 
current sink draws a current with a fast rise time from 
the summing junction at ICi’s inverting input (trace D). 
This current, scaled to be greater than the V/F con¬ 
verter’s input current, causes ICi’s output to go high. 

At the first low-to-high clock transition after the 
integrator’s output has become a high input to Di, IC 4 's 
Qi output again changes state and the entire process 
repeats. The frequency at which this process repeats 
depends on the current supplied from the V/F convert¬ 
er’s input voltage to the ICi’s summing junction. The 
frequency of oscillation is therefore a direct function of 
the V/F converter’s input voltage. You can use either 
the Qi or Qi outputs of IC4 as the converter’s output. 

As noted, the use of the crystal-based reference 
circuit for the charge-feedback circuit reduces convert¬ 
er drift to about 5 ppm/°C. The contribution to drift 
made by the reference circuit is about 0.5 ppm/°C. The 
remaining drift is a function of the current-sink compo¬ 
nents, the LT1043’s switching-time variations, and the 
input resistors. These resistors are a 24-kfl fixed 
Vishay S -102 (R2) and a 2 -kn, 10 -kHz trim potentiome¬ 
ter (R3). 

Crystal restricts frequency range 

A V/F converter using a crystal-based reference is 
usually restricted to a relatively low full-scale output 
frequency range, such as 10 to 100 kHz. This restriction 
is the result of a speed limitation on the LT1043’s ability 
to switch the current sink accurately. In addition, 
short-term jitter may occur because of the uncertain 
timing relationship between the point at which ICi’s 
output changes state and the arrival of the clock’s next 
low-to-high transition. This timing relation is normally 
not a problem, because the converter’s output is usually 
read over many clock cycles (eg, 0.1 to 1 sec) and the 
jitter averages out. 

Other features of Fig 5a’s circuit are 0.005% lineari¬ 
ty, a 5-ppm/°C gain temperature coefficient, and a 
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10 -kHz full-scale output frequency. The zero-point 
error is 0.005 Hz^C because of the LT1056's low input 
offset. To calibrate this circuit, apply a lOV input and 
adjust R 3 for 10 kHz as measured at the flip-flop's Qi or 
Qi outputs. 

The next article in this series will discuss design 
techniques for improving converter linearity and for 
adding siich capabilities as low voltage operation, sine- 
wave output, and nonlinear transfer functions. EOH 
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Refine V/F-converter 
operation with novel 
design techniques 


Although commercially available VIF converters can 
adequately satisfy a number of design needs, in 
many cases you can realize a better applications 
match by designing your own converter. This second 
article of a 2~part series adds to your list of design 
hints a variety of techniques that allow you to 
improve converter linearity and develop the ideal VIF 
converter for other modes of operation. 


Jim Williams, Linear Technology Corp 

Because commercially available devices must be uni¬ 
versal in nature, they don’t always offer the best 
solution in specific applications. Such is the case with 
off-the-shelf V/F converters. The first article in this 
series (EDN, May 16, 1985, pg 153) showed that by 
designing your own circuits, it’s possible to develop 
converters that offer the ideal solution for specific 
application needs. The design examples there covered 
such performance factors as speed, dynamic range, 
settling time, and stability. 

This article will begin by describing design tech¬ 
niques for improving converter linearity. Subsequent 
discussion will highlight converter circuits that feature 
low-voltage operation, sine-wave output, and deliber¬ 
ately nonlinear transfer functions. 


The V/F converter circuit shown in Fig la is opti¬ 
mized for very high linearity. Although it can operate in 
a stand-alone mode, it’s primarily intended for proces¬ 
sor-driven applications (such as weighing scales) that 
require 17-bit accuracy. This circuit has a 1-ppm resolu¬ 
tion, and its linearity is better than 7 ppm (0.0007%). A 
processor-driven gain/zero calibration loop gives the 
circuit negligible zero and gain drift. To further ease 
the interface with a processor-based system, the circuit 
functions from a single 5V power supply. 

This design is conceptually similar to the 100-MHz 
converter circuit discussed in part 1. ICi, half an 
LTC1013, servo-controls a crude V/F converter com¬ 
posed of Qi (a current source in this case) and a set of 
74C04 gates. The V/F output is divided digitally and 
drives an LTC1043 charge pump (IC3) whose output 
closes a loop back to ICi. This division process allows 
the LTC1043 to achieve much higher precision than 
would be possible with direct feedback. 

Before you try to master processor-driven operation, 
you should become familiar with the basics. To begin, 
assume that IC 2 and Rzero are absent, and that a 
positive voltage is present at the left end of Ri. This 
input forces ICfs output to move in the negative 
direction, turning on Qi and thereby developing a 
positive-going ramp voltage across Ci (trace A in Fig 
lb). When C/s ramp crosses the 74C04 inverters’ 
threshold, its output moves toward ground, causing the 
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Althou0h off-the-shelf components strive to 
provide a universal solution, thef re not 
necessarily best for all applications. 


entire inverter chain to switch. Positive ac feedback 
from the two paralleled inverter outputs enhances 
switching. 

The output inverter’s signal (trace B) also drives the 
^100 counter chain, which contains two h-10 74C90s. 
The counter’s output (trace C) clocks IC3, which is 
configured to pump negative charge (trace D) into the 
R1R2C2 junction. C2 integrates the discrete charge 


events to dc, closing a loop around ICi. As a conse¬ 
quence, ICi biases Qi at whatever point is necessary to 
balance its input. This action renders the crude V/F 
converter’s output as a direct function of the input 
voltage over a 0- to 1-MHz range. The relatively low 
LTC1043 clock frequency is what provides the 0.0007% 
linearity. 

The input multiplexer and Rzero are necessary for 
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Fig 1—This converter (a) furnishes 17-bit accuracy and is well suited to processor-driven applications. It features a 1-ppm resolution and a 
linearity of better than 7 ppm. The waveforms (b) show that circuit output is a direct function of the input voltage over a 0- to 1-MHz 
range. 


240 


EDN May 30, 1985 










































































1.5V 




(b) 


TRACE 

VERT 

HORIZ 

A 

100mV/DIV 

100 tiSEC/DIV 

B 

2V/DIV 

100 ixSEC/DIV 

C 

1V/DIV 

IOOm-SEC/DIV 

D 

10mV/DIV 

100 ixSEC/DIV 


Fig 2 — Drawing only 125 jju4 from a 1.5V cell, this circuit (a) uses an LT1017 dual micropower comparator operating in a servo-controlled 
charge-pump configuration. As the curves in b show, oscillator frequency is linear. 
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Applications involving hi^h speed or 
precision are not the only areas in which 
enhanced V/F converters prove usejul. 


processor-driven autozero/gain loop operation. When 
the multiplexer is set for the zero function (see Fig la’s 
truth table), ICz's input is grounded, so there’s no drive 
for Ri. ICi receives bias via Rzero, however, and the 
circuit oscillates at approximately 100 kHz. Once the 
processor reads this frequency, it shifts the multiplexer 
to the signal function, and IC 2 ’s output becomes a 
buffered version of the signal input. This input and the 
current through Rzero now determine the circuit’s 
output frequency. Typical outputs range from 0.1 to 
1 MHz. 

After detecting a frequency, the processor selects 
the multiplexer’s reference state and determines the 
frequency’s value. The reference voltage must be 
greater than the highest input-signal voltage level. The 
reference can be a stable potential, or one 
ratiometrically related to the signal input, which is the 
case in many transducer-based systems. Once this 
measurement sequence is complete, the processor has 
enough information to determine mathematically the 
value of the input signal. 

Because the multiplexing sequence is relatively fast, 
it cancels V/F-converter drifts. This circuit requires no 
precision components, although the 1000-pF, polysty¬ 
rene capacitor in the LTC1043 is a must for high 
linearity. 

Satisfy portable-equipment needs 

Applications involving high speed or precision (or 
both) are not the only areas in which enhanced V/F 
converters prove useful. Fig 2a shows a circuit that 
runs from a single 1.5V cell and features a current drain 
of only 125 [lA. Such a converter would serve well in 
portable equipment. The design uses an LT1017 dual 
micropower comparator operating in a servo-controlled 
charge-pump configuration. 

The 10- and l-fxF compensating capacitors (Ci and C 2 ) 
around input comparator ICi allow it to function as an 
op amp. ICi’s output drives the R 1 C 3 network, develop¬ 
ing a ramp voltage across C 3 (trace A in Fig 2b). This 
ramp voltage serves as the input for IC 2 . During the 
ramp period, IC 2 ’s output is high, which biases Qi off 
and Q2 on. The potential across the Q3Q4 Vbe multiplier 
reference (trace B) is zero, so capacitor C 2 receives no 
charge. 

When the ramp potential equals the potential at IC 2 ’s 
noninverting input, IC 2 ’s output goes low and C 3 dis¬ 
charges. Positive ac feedback (trace C) maintains IC 2 ’s 
state long enough to develop a ramp reset of about 80 
mV. Concurrently, Qi comes on and Q 2 goes off. The 


Q3Q4 reference switches on and charges C4 via the 
grounded Schottky diode (D 2 ). 

After the ac feedback around IC 2 decays, IC 2 ’s output 
returns high, cutting off Qi and turning on Q 2 . C 4 then 
discharges, forcing current to flow from ICi’s summing- 
point capacitor (C 5 ) via Q 5 (trace D). In this manner, ICi 
servo-controls the oscillator to whatever frequency is 
necessary to maintain the oscillator’s summing point 
near zero. Because the current into ICi’s input is a 
linear function of the input voltage, the oscillator fre¬ 
quency is also linear. The lO-kn/l-iJiF R 2 C 1 combination 
at ICi provides loop stability. The lOO-kD resistor (R3) 
in parallel with C 4 influences the circuit’s discharge 
characteristics in such a way that it improves overall 
circuit linearity. 

The junction temperature coefficients of Q 5 and Qe 
compensate for the temperature coefficient of the 1.2V 
Q3Q4 reference, giving the overall circuit a 250-ppm/°C 
gain drift. Battery discharge introduces less than 1% 
error over a 1000 -hr operating span. 

Sine-wave outputs come in handy 

Almost all V/F converters have a pulse or square- 
wave output. In many applications, however (audio, 
filter testing, ATE), a sine-wave output would be more 
appropriate. Spanning a 1 -Hz to 100-kHz range (100 dB 
or five decades) for a 0 to lOV input, the circuit shown 
in Fig 3a satisfies this need. It maintains a 0.1% 
frequency linearity and specs 0 . 2 % distortion. Its set¬ 
tling time is 1.7 iJisec. 

To understand circuit operation, begin by assuming 
that IC4’s output is low, which means that Qi is off. IC3 
inverts the positive input voltage and biases integrator 
ICi’s summing node through Ri and self-biasing FETs 
Q2 and Q3. This action pulls current (-1) from the node. 
ICi’s output (trace A, Fig 3b) ramps in a positive 
direction until IC 4 ’s input crosses OV. At this time IC 4 ’s 
output goes positive (trace B), allowing Qi to turn on. 

R 2 (from Qi’s gate to drain) is scaled to produce a 
current (+ 21 ) that’s exactly twice the absolute magni¬ 
tude of the current being drawn from ICfs summing 
node. As a result, the net current into ICi’s summing 
junction equals + 1 , and the output ramps negatively at 
a rate equal to that of the positive ramp. ICfs output 
ramps in the negative direction until IC 4 ^s noninverting 
input goes negative, at which time its output switches. 
This switching of the output turns Qi off, and the entire 
cycle repeats. 

This operating sequence develops a triangular wave¬ 
form at ICi’s output. The frequency of this wave is a 
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A 
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10 ^JLSEC/DIV 
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D 
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(0.35% 

DISTORTION) 
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(b) 


Fig 3 — Featuring a 1-Hz to 100-kHz sine-wave output for aOtolOV input, this converter (a) maintains a 0.1% frequency linearity. As trace 
C (b) illustrates, output distortion is minimal—just 0.2% over the entire 100-kHz range. 
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Pulse or square-wave outputs are typical for 
VIF converters, but sine-wave outputs are 
more appropriate in some cases. 


function of the circuit’s input voltage and varies from 1 
Hz to 100 kHz with a 0 to lOV input. The LM329 diode 
bridge combines with the series-parallel diode network 
to provide a stable, bipolar reference that always 
opposes the sign of IC/s output ramp. Schottky diodes 
Di and D 2 clamp IC 4 ’s input to assure a clean recovery 


from any overdrive that may develop. 

The AD639 trigonometric function generator, biased 
via IC 2 , converts IC/s triangular output into a sine 
wave (trace C). The AD639’s triangular-wave input 
must not vary in amplitude, or output distortion will 
result. At high frequencies, delays in IC/s integrator 




TRACE 

VERT 

HORIZ 

A 

100mV/DIV 

100 m-SEC/DIV 

B 

50V/DIV 

100 plSEC/DIV 

C 

50V/DIV 

100 m-SEC/DIV 

D 

50V/DIV 

100 plSEC/DIV 

E 

100 mV/DIV 

200 nSEC/DIV 

F 

20V/DIV 

200 nSEC/DIV 

G 

20V/DIV 

200 nSEC/DIV 

H 

20V/DIV 

200 nSEC/DIV 


Fig 4—Aimed at applications that require you to linearize a transducer output, this network (a) transforms a 0 to lOV input into a 1-kHz to 
2-Hz output and maintains a HX conformity accuracy of 0.05%. Expanded waveforms E through H (b) show detail of the ramp-resettmg 
sequence. 
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switching loop cause Qi to switch (ie, turn on and off) 
late. Unless the effects of the delays are minimized, 
triangular-wave amplitude will increase with frequen¬ 
cy, causing distortion levels to increase commensurate- 
ly. The 22-kfi/15-pF R 3 C 1 feedforward network at IC 4 ’s 
input compensates for the delays, keeping distortion to 


just 0.2% over the entire 100-kHz range. At 10 kHz, 
distortion is less than 0.07%. 

C 2 , positioned in Q/s source line, minimizes the 
effects of gate-source charge transfer, which occurs 
every time Qi switches. Without this capacitor, a sharp 
spike would be present at the triangular waveform’s 


NOTES; 




(b) 


TRACE 

VERT 

HORIZ 

A 

50 mV/DIV 

20 ixSEC/DIV 

B 

20V/DIV 

20 |xSEC/DIV 

C 

10V/DIV 

20 |xSEC/DIV 

D 

10V/DIV 

20 |xSEC/DIV 


Pig 5 —This converter's (a) output responds exponentially to the input voltage. Exponential conformity is mithin 0.13% over a 10-Hz to 
20-kHz range, and drift measures 150 pjfmirC. The positive ac feedback at IC/s noninverting input (trace D in h) ensures that C 2 has enough 
time to discharge fully. 
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Circuits that have a deliberately nonlinear 
transfer function represent another 
dimension in converter desipfn. 


peaks, increasing distortion. FETs Q 2 and Q 3 compen¬ 
sate for the temperature dependence of Qi's on-resis¬ 
tance, keeping the +21/-I relationship constant with 
temperature. The circuit's gain temperature coefficient 
and zero-point drift spec at 150 ppm/°C and 0.1 Hz/°C, 
respectively. 

This circuit responds very quickly to input changes— 
a rarity for most sine-wave generators. To calibrate the 
circuit, apply a lOV input and trim the 2 -kn potentio¬ 
meter (R4) for a symmetrical triangular-waveform out¬ 
put at ICi. Next, apply a 100-|xV input and trim the 
50-kn potentiometer (R5) for output-waveform symme¬ 
try at ICi. Apply a lOV input and trim the 5-kn 
frequency-trim potentiometer (Re) to generate a 100 - 
kHz output frequency. Finally, adjust the distortion- 
trim potentiometers for minimum distortion as mea¬ 
sured on a distortion analyzer (trace D). You may have 
to readjust the other trim potentiometers slightly to 
realize the lowest possible distortion. 

Handling transducer outputs 

Circuits that have a deliberately nonlinear transfer 
function represent another dimension in V/F-converter 
design. These converters are useful for linearizing 
outputs from such transducers as gas sensors and flow 
meters. The circuit shown in Fig 4a converts inputs of 0 
to lOV to an output frequency of 1 kHz to 2 Hz, and it 
maintains a 1/X conformity accuracy of 0.05% (X repre¬ 
sents the input). 

ICi integrates current from the LT1009 2.5V refer¬ 
ence. Using a current-summing network, IC 2 compares 
ICi's negative output ramp (trace A in Fig 4b) with the 
input voltage. When IC 2 's input goes negative, its 
output (trace B) falls and triggers flip-flop IC 4 's Q 
output high (trace C). Qi turns on and resets ICi's 
output ramp. When the ramp reset gets close to 
ground, IC3 triggers (trace D). ICa's output goes low 
and resets IC4 (the Q output goes low). Qi turns off, and 
the entire cycle repeats. Waveforms E through H are 
expanded versions of A through D, respectively, and 
J:hey show detail of the ramp-resetting sequence. 

In most V/F converters, the input signal controls the 
Integrator slope. In this circuit, the integrator runs at a 
fixed slope. The time required for the integrator to 
intersect the input voltage level is inversely proportion¬ 
al to the input's amplitude, and loop oscillation is 
related to the input according to the 1 /X ratio. 

Because the ramp-reset time is lost in the integra¬ 
tion, this reset time is a first-order error term. Ramp- 
reset-time errors are minimal at low frequencies, even 


though reset takes longer; the ramp has to run longer 
before it intersects the input. The reset period becomes 
significant at higher frequencies (even though it's 
shorter), because its dead time represents a substantial 
percentage of the oscillation frequency. This circuit's 
2-comparator/flip-flop reset scheme helps reduce this 
error by adaptively controlling and minimizing the 
ramp-reset time regardless of peak ramp amplitude. A 
simple, fixed ac feedback scheme would not perform as 
well, because its time constant would have to be long 
enough to satisfy worst-case conditions—^ie, resetting 
the ramp from the large amplitudes encountered at low 
frequencies. 

Even with the novel reset scheme, this circuit will 
not maintain its 0.05% conformity accuracy if the fre¬ 
quency exceeds 1 kHz. Note that the circuit has almost 
10 times the accuracy of analog multipliers and other 
analog 1/X computing techniques. Circuit drift is ap¬ 
proximately 150 ppm/°C. To calibrate the circuit, set the 
input at 50 mV and adjust the 5-kft trim potentiometer 
(Ri) to develop a 1-kHz output. 

Exponential response yields tone output 

The converter shown in Fig 5a responds exponential¬ 
ly to its input voltage. Suitable for electronic music 
synthesizers, it has an I/O scale factor of IV/octave of 
frequency. Exponential conformity is within 0.13% 
over a 10-Hz to 20-kHz range, and drift measures 150 
ppm/°C. In addition to a pulse output, the circuit 
provides a ramp output for applications that require 
substantial power at the fundamental frequency. 

The l-|xF capacitor (Ci) at Q 4 integrates emitter 
current to form a ramp at ICi's inverting input (trace A, 
Fig 5b). When the ramp crosses zero, ICi's output 
switches (trace B), causing the LTC1043 (IC 4 ) to change 
states. Polystyrene capacitor C 2 , charged to the 
LT102rs lOV potential, switches and pulls current 
from ICi's summing point (trace C). C 3 provides positive 
ac feedback to ICi's noninverting input (trace D) to 
ensure that C 2 has enough time to discharge fully. This 
action forces ICi's input ramp to reverse direction and 
start resetting toward zero. When the positive feed¬ 
back around ICi decays, the cycle repeats. 

Qs and its associated circuitry form a local loop that 
ensures a proper start-up sequence. For example, input 
overdrive could force ICi's output to go to the negative 
rail and stay there. If this event were to occur, Qs would 
turn on, pull ICi's inverting input toward -15V, and 
initialize the circuit. 

The oscillation frequency of this charge-pump-type 
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A 

1V/DIV 

200 ixSEC/DIV 

B 

5V/DIV 

200 |xSEC/DIV 

C 

2V/DIV 

200 |jlSEC/DIV 


Fig 6—Designed for resistive-based transducers, this circuit (a) has an output frequency that's proportional to the ratio of the voltages across 
R, and Rj. A 0 to 100°C excursion at the platinum sensor (R,) produces a 0- to 1-kHz cnitpiit. 
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Converters with ramp outputs satisfy 
applications that require substantial power 
at the fundamental frequency. 


current-to-frequency converter is linearly related to 
Q/s emitter current. This current, in turn, is exponen¬ 
tially related to the Vbe of Q4. Normally, Q4's operating 
point would be quite sensitive to changes in tempera¬ 
ture. In this case, however, Q 4 is part of a transistor 
array that's effectively stabilized by IC3 in the following 
manner. 

Qi, also part of the array, monitors temperature. IC 3 
compares Q/s Vbe value with a bridge potential and 
drives array transistor Q 3 to close a thermal-control 
loop. This action stabilizes the array and prevents 
ambient temperature shifts from influencing Q 4 's opera¬ 
tion. Q 2 , operating as a clamp, guards against loop 
lock-up conditions and ensures that Q 3 never becomes 
reverse-biased. 

The thermal control loop around Q 4 ensures that this 
circuit's exponential behavior is stable and repeatable. 
The 5-Mfl resistor (Ri) in Q 4 's collector circuit intro¬ 
duces a slight shift in ICi's operating point at high 
frequencies. This shift compensates for Q 4 's bulk-emit¬ 
ter-resistance term and maintains good exponential 
performance to 20 kHz. The 4.99-kfl resistor (R 2 ) in Q 4 's 
base circuit sets the OV input frequency at about 10 
Hz, and the 2500 resistor (R3) establishes the circuit's 
scale factor. 

Handling resistive-based transducers 

The circuit in Fig 6a produces an output frequency 
that's proportional to the ratio of the voltages across Ri 
and R 2 . In this case, Ri is a platinum resistance sensor, 
and the value of R 2 is selected to match the sensor's 0°C 
value. Using decade resistance boxes, you can fine-trim 
at the grounded end of R 2 without running into exces¬ 
sive noise problems. And because Ri is also referred to 
ground, it can serve as a termination for a cable run and 
provide similar noise-rejection properties. 

The 6012 D/A converter (IC 4 ) serves as a simple 
dual-current source. With only the MSB set high, the 
converter's output currents are equal. The constant 
and equal current flow through Ri and R 2 produces a 
voltage differential that's sampled by the LTC1043 
switched-capacitor configuration (Ci and C 2 in IC5). The 
LTC1043 continuously switches (at its internal clock 
rate) the 3900-pF capacitor across the resistor pair, and 
then it dumps the charge into ICi's summing point. The 
quantity of charge delivered per cycle is a direct 
function of the voltage difference across Ri and R 2 
(Q=CV). 

IC3 compares the negative ramp output from ICi 
(trace A, Fig 6b) with amplifier IC 2 's dc output, which 


is a function of ICs's clock frequency, IC 2 ’s 17-kfl 
feedback resistor, and ICs's 330-pF charge-pump capac¬ 
itor. Because ICi and IC 2 are receiving charge at the 
same rate, ICs's oscillator drift affects each equally, so 
IC 5 doesn't contribute error. When ICi's ramp crosses 
IC 2 's output value, IC 3 's output goes high (trace B), 
turning on the FET (Qi). The positive ac feedback to 
IC 3 's noninverting input (trace C) ensures that ICi's 
feedback capacitor will discharge completely. When the 
feedback terminates, the cycle repeats; the oscillation 
frequency is a linear function of the R 1 /R 2 ratio. 

Dead-time error is within accuracy spec 

The polystyrene capacitors in the LTC1043 network 
provide temperature-coefficient cancellation, and R 3 
compensates ICi's polystyrene feedback capacitor (C3). 
Overall circuit temperature coefficient is approximately 
35 ppm/°C. As shown, a 0 to 100°C excursion at the 
platinum sensor produces a 0- to 1-kHz output whose 
accuracy (sensor-limited) measures 0.35°C. The dead¬ 
time error produced by ICi's reset time is well within 
this accuracy spec, so the circuit contributes no appreci¬ 
able measurement error. 

In practice, you may have to trim R 2 's value slightly 
to compensate for individual Ri tolerances at 0°C. You 
set the 5-kfl full-scale trim potentiometer (R4) in IC2's 
feedback loop to develop a 1-kHz output at a sensor 
temperature of 100°C. You can use this circuit with any 
resistive-based transducer; with negative-tempera- 
ture-coefficient devices, simply reverse the positions of 
Ri and R2. HDN 
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R)Ilow design mles 
for optimum use of 
fest comparator IC 


To fully exploit a hipfh-speed comparator 
IC’s capabilities, you must understand both 
the IC’s innate attributes and the 
influences of the circuit environment 
surroundinpf the device. This article, first 
in a 3-part series, explores these attributes 
and influences, and provides guidelines for 
optimizinpf highspeed circuit performance. 


Jim Williams, Linear Technology Corp 

A recent high-speed comparator, the LT1016, offers 
complementary, TTL-compatible outputs and 10-nsec 
response time. The outputs directly drive all TTL 
families, including high-speed AS and Fairchild Ad¬ 
vanced Schottky TTL (Fast) parts. The TTL outputs 
make the device easy to use in linear-circuit applica¬ 
tions, where ECL output levels are often inconvenient. 
This article, first of a 3-part series, covers application 
and measurement techniques and discusses a number of 
problems associated with the high-speed circuitry the 
LT1016 would normally inhabit. The other two articles 


will provide a variety of circuit applications that exploit 
the device’s capabilities. 

The LT1016 is relatively easy to use; it’s less prone to 
oscillation and other vagaries than some other compara¬ 
tors (see box, “A fast TTL comparator”). Unfortunate¬ 
ly, the laws of physics dictate that you properly prepare 
the circuit environment in which the device works. The 
performance limits of high-speed circuitry often stem 
from layout considerations or from such parasitic ef¬ 
fects as stray capacitance and ground impedance. Some 
of these considerations also exist in digital systems, in 
which you’re perfectly comfortable describing bit pat¬ 
terns and memory-access times, for example, in terms 
of nanoseconds. 

The LT1016 is, of course, useful in the mentioned fast 
digital systems; Fig 1 gives an idea of just how fast the 
device is. The simple test circuit allows you to see that 
the comparator’s response (trace B) to the pulse gen¬ 
erator’s output (trace A) is faster than that of a TTL 
inverter (trace C). In fact, the inverter’s output never 
attains a TTL zero level. Linear circuits that operate 
with this order of speed make many designers justifia¬ 
bly wary. Nanosecond-domain linear circuits are widely 
associated with oscillations, mysterious shifts in circuit 
characteristics, unintended modes of operation, and 
outright failure to function. 

Among other common problems of such high-speed 
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To use a highspeed comparator effectively, 
you must understand not only the IC itself, 
but also the influences and vagaries of the 
circuit environment surrounding the device. 


linear circuits are differing measurement results when 
you use various pieces of test equipment, the inability 
to make measurement connections to the circuit with¬ 
out inducing spurious responses, and dissimilar opera¬ 
tion between two supposedly identical circuits. When a 
circuit's design and the components used in it are 
sound, you can usually trace all the cited problems to an 
improper circuit environment. To provide a proper 


environment, you must study the causes of the men¬ 
tioned difficulties. 

The most common high-speed-circuit problem is im¬ 
proper power-supply bypassing. Bypassing is neces¬ 
sary to maintain low supply impedance. Inductance and 
dc resistance in supply wires and pc-board traces can 
easily attain unacceptable levels. These parasitics allow 

the supply line to fluctuate in response to changes in the 

Text continues on pg 134 
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HORIZONTAL 

A 

5V/DIV 

5 nSEC/DIV 

B 

5V/D1V 

5 nSEC/DIV 

C 

2V/DiV 

5 nSEC/DfV 



Fig 1—Faster than a TTL inverter, the LT1016 switches (trace B) in less than 10 nsec after application of an input pulse (trace A). The TTL 
circuifs output (trace C) never attains OV. 



VERTICAL 

HORIZONTAL 

2V/DIV 

100 nSEC/DIV 


Fig 2—Proper bypassing is important, as shown by these scope photographs. The unbypassed case appears in a; b shows the result of 
inefficient bypassing (capacitors either too distant from the LT1016 or excessively lossy). 


130 


EDN June 13, 1985 





























A fast TTL comparator 

The LT1016 is a fast (10-nsec typ 
propagation delay) comparator 
that provides a direct interface 
to TTL logic while operating 
from either one 5V supply or 
dual ±5V supplies. The IC offers 
matched complementary outputs 
and a latch pin for input-data re¬ 
tention at the outputs. 

The LTlOlG's output stage 
provides active drive in both di¬ 
rections for high-speed drive 
into TTL logic or passive loads, 
yet does not exhibit the large 
current spikes usually found in 
totem-pole output stages. This 
attribute eliminates the need for 
a minimum slew-rate spec for 
the input signal, a spec that typ- 


TABLE1—LT1016A KEY 
SPECIFICATIONS 


PARAMETER 

SPEC 

INPUT OFFSET VOLTAGE 

1.5 mV MAX 

OFFSET-VOLTAGE DRIFT 

10 ^V/°C MAX 

INPUT BIAS CURRENT 

10 ^A MAX 

INPUT-VOLTAGE RANGE 

Vcc-1V 

Vee + 1.25V 

COMMON-MODE REJECTION 

80 dB MIN 

VOLTAGE GAIN 

2000 MIN 

PROPAGATION DELAY 
(5-mV OVERDRIVE) 

12 nSEC MAX 

Vcc CURRENT 

35 mA MAX 

Vee CURRENT 

5 mA MAX 


ically encumbers other very fast 
comparators. 

Another factor that makes the 
LT1016 easier to use than other 


high-speed comparators is the 
fact that its outputs are stable 
when the device operates in its 
linear region, regardless of how 
slowly the input signal changes. 
This trait eliminates the problem 
of output chatter in the presence 
of slow-moving or dc-input 
signals. 

Finally, the LTlOlffs quies¬ 
cent negative-supply current is 
typically 2.5 mA—approximately 
10 times lower than that of other 
very fast, bipolar comparators. 
This feature allows you to drive 
the negative-supply pin from any 
negative supply by using a sim¬ 
ple resistive divider. 



VERTICAL 

HORIZONTAL 

VERTICAL 

HORIZONTAL 

2V/DIV 

10 nSEC/DIV 

1V/DIV 

50 nSEC/DIV 


Fig 3 — Proper selection and use of probes is all important. In a, a miscompensated probe yields a grossly exaggerated output (8V vs the true 
5V); in b, an overcompensated (or insufficiently fast) probe delivers an unduly slow output to the oscilloscope^ 
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Choose bypass-capacitor types and values with care 


Bypass capacitors serve to main¬ 
tain low power-supply impedance 
at the point of load. Because of 
parasitic resistance and induc¬ 
tance in supply lines, the supply 
impedance can often be very 
high. As frequency rises, the in¬ 
ductive parasitic becomes partic¬ 
ularly troublesome. Even if 
these parasitic terms did not 
exist, or if you use local regula¬ 
tion, bypassing is still necessary 
because no power supply or reg¬ 
ulator has zero output imped¬ 
ance at, say, 100 MHz. 


The type of bypass capacitor 
to use is a function of the appli¬ 
cation, frequency domain of the 
circuit, cost, board space, and 
many other considerations. How¬ 
ever, you can make some useful 
generalizations. All capacitors’ 
equivalent circuits contain para¬ 
sitic terms, some of which ap¬ 
pear in Fig Aa. 

In bypass applications, leak¬ 
age and dielectric absorption are 
secondary terms, but series in¬ 
ductance and resistance are not. 
These last two terms limit the 


capacitor’s ability to damp tran¬ 
sients and to maintain low sup¬ 
ply impedance. Bypass capaci¬ 
tors must often have large 
values so they can absorb long 
transients. In these cases, it’s 
necessary to use electrolytic 
types, which exhibit high-value 
series inductance and resistance. 

Different types of electrolytics 
—both polar and nonpolar—^have 
markedly different characteris¬ 
tics, and the type (or types) to 
use is sometimes a subject of de¬ 
bate. In choosing a bypass ea¬ 



sy 




TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 nSEC/DIV 

B 

1V/DIV 

100 nSEC/DIV 



Fig A—Understand the all-important bypass capacitors when you're designing high-speed circuitry. The diagram in a is the 
equivaleyit circuit of a capacitor. The important parasitics for bypassing are series inductance and resistance. The circuit in h allows 
you to test bypass capacitors. The scope photographs show the response with the various bypass combinations described. 
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pacitor, the test circuit in b and 
the accompanying scope photos 
can perhaps be useful. The pho¬ 
tos show the response of five by¬ 
passing methods to the transient 
generated by the test circuit. 

The photo in c shows an unby¬ 
passed line, whose voltage sags 
and ripples badly at high ampli¬ 
tudes. In d, a 10-|xF aluminum 
electrolytic cuts the disturbance 
considerably, but the potential 
for trouble still exists. 

A 10-|xF tantalum unit (e) of¬ 
fers cleaner response; a lO-jxF 


aluminum combined with a 
0.01-|xF ceramic type (f) is even 
better. Combining electrolytics 
with other capacitor types (usu¬ 
ally ceramic) is a popular way to 
obtain good response, but be¬ 
ware of picking the wrong duo. 

Choosing the right pair is not 
an easy task. Circuit character¬ 
istics (including line inductance 
and the nature of the signals 
you're dealing with) and the ca¬ 
pacitors' parasitic terms both 
play a role. The photo in g, for 
example, shows the results of 


using a parallel combination of a 
10-|xF aluminum electrolytic and 
a 0. l-|xF ceramic capacitor in the 
test circuit. Note the resonant, 
ringing response. 

The preceding example shows 
that you must tailor bypass ca¬ 
pacitors and capacitor combina¬ 
tions to your particular system. 
And this tailoring is more an 
empirical task than an analytical 
one. In other words, experiment 
with various bypass components 
in your system until you achieve 
the best results. 
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A highspeed IC needs a rock-stable and 
impedance-free supply to do its job properly. 
Therefore, supply bypassing is not only 
benejicial, but crucial. 


internal characteristics of the devices connected to it. 
This fluctuation almost always causes unruly operation. 

What's more, several devices connected to an unby¬ 
passed supply can effectively communicate through the 
finite supply impedances, thereby provoking erratic 
operating modes. Bypass capacitors, by providing local 
reservoirs of energy at the device level, represent a 
simple way to eliminate this communication. The by¬ 
pass capacitor acts like an electrical flywheel that keeps 
supply impedances low at high frequencies. The choice 
of capacitor type for bypassing is a critical issue, so 
weigh your decision carefully (see box, “Choose bypass- 
capacitor types and values with care"). 

Fig 2a shows the response of an unbypassed LT1016 
to a pulse input. The power supply that the comparator 
sees at its terminals has high impedance at high fre¬ 
quencies. This impedance forms a voltage divider with 
the LT1016, allowing the supply voltage to move in 
response to changes in the comparator's internal condi¬ 
tions. The supply instability causes local feedback, and 
oscillation occurs. Although the LT1016 responds to the 
input pulse, its output is a blur of 100-MHz oscillation. 

In Fig 2b, the comparator's supplies are bypassed, 
but it still oscillates. This oscillation has two possible 
causes: The bypass units are either too far from the 


LT1016, or they're lossy capacitors. These examples 
suggest two rules: Use capacitors with good high- 
frequency characteristics, and mount them as closely 
as possible to the LT1016. Even an inch of wire between 
the capacitor and the comparator can cause problems. 

Perhaps number two in the list of circuit-environment 
problems is the use of improper—or the improper use 
of—oscilloscope probes. In Fig 3a, the comparator is 
properly bypassed, but a new problem arises. The 
photo shows both outputs of the comparator. Trace A 
appears normal, but trace B shows an excursion of 
almost 8V—quite a feat for a device running from one 
5V supply. This anomaly is commonly reported in 
high-speed circuits, and it can be very confusing. 

The anomaly arises from a grossly miscompensated 
or improperly selected oscilloscope probe. This example 
prompts another rule of thumb in working with high¬ 
speed circuitry: Use probes that match your oscillo¬ 
scope's input characteristics, and compensate the 
probes properly, (For a further discussion of probes, 
see box, “Oscilloscopes and probes: Choose and use 
wisely.") 

Fig 3b shows another probe-induced problem. Here, 
the amplitude seems correct, but the 10-nsec-response 
LT1016 exhibits 50-nsec edges. In this case, the probe 

Text continues on pg 138 
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HORIZONTAL 

TRACE 

VERTICAL 

HORIZONTAL 

1V/DIV 

20 nSEC/DIV 

A 

2V/DIV 

20 nSEC/DIV 



B 

1V/DIV 

20 nSEC/DIV 


Fig 4—More probing-caused problems afflict these waveforms. In a, the probe's too-long ground lead causes ringing and distortion; in b, a 
badly overdriven FET probe delivers false information to the oscilloscope. 
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HORIZONTAL 

A 

IV/DIV 100 nSEC/DIV 


2V/DIV 

100 nSEC/DIV 
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2V/DIV 1 lOOnSEC/DIV 





Fig 5—Improper grounding of high-speed ICs can lead to disaster. 
Trace B is the output of an LT1016 whose ground lead is 1 in. in 
length. The comparator oscillates at approximately iO MHz. To avoid 
such problems, keep the IC’s ground lead to less than V 4 in. in 
length. 


Fig 6—Failure to use a ground plane provokes the chattering edges 
on this waveform. A ground plane in this example would have 
reduced inductance sufficiently to eliminate the chatter. 



VERTICAL 
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Fig 7 — Stray capacitance from output to input causes the singing on the edges of the waveform in a. A lower source impedance at the 
comparator's input and some attention to input and output lead routing would cure this condition. More stray-capacitance-inditced woes are 
evident in h, where the culprit is the stray capacitance to ground at the comparator's input. 
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Oscilloscopes and probes: 

In high-speed-design work, the 
choice of an oscilloscope-probe 
combination is the most impor¬ 
tant decision you must make. 
Ideally, the oscilloscope should 
have at least 150-MHz band¬ 
width for work with the LT1016, 
but slower instruments are ac¬ 
ceptable if you have a good un¬ 
derstanding of their limitations. 

Be aware of your scope^s behav¬ 
ior with respect to input imped¬ 
ance, noise, overdrive recovery, 
sweep nonlinearity, triggering, 
channel-to-channel feedthrough, 
and other characteristics. 

Probes are the most over¬ 
looked cause of oscilloscope mis- 
measurement. All probes have 
some effect on the points they 
measure. The most obvious ef¬ 
fect usually stems from the 
probers input resistance, but 
input capacitance usually domi¬ 
nates in high-speed measure¬ 
ments. You can lose much time 
investigating circuit events that 
actually stem from improperly 
selected or applied probes. 

An 8-pF probe observing a 
point with 1-kfl source imped¬ 
ance, for example, will produce 
an 8-nsec lag—similar to the 
LTlOlG’s response time. Low-im¬ 
pedance probes (with 5011 to 
l-kH resistance) usually have 
input capacitance of 1 or 2 pF; 
these probes are a good choice 
if you can tolerate the low 
resistance. 

FET probes maintain high 
input resistance and keep capaci¬ 
tance at the 1-pF level, but have 
substantially more delay than 
passive probes. FET probes also 
impose limitations on common¬ 
mode input range; you must re¬ 
spect the limits or serious mea¬ 
surement errors will occur. 

Contrary to popular belief, FET 
probes do not have extremely 
high input resistance—^for some 
types, it's as low as 100 kll. 

The passive, transformer- 
based types of current probes 


Choose and use wisely 

are fast and they introduce less 
delay than the versions based on 
the Hall effect. The Hall-effect 
types, however, respond at dc 
and low frequencies, while the 
transformer-based probes typi¬ 
cally roll off at approximately 
100 to 1000 Hz. Both types have 
saturation limitations which, 
when exceeded, cause odd CRT- 
display results that can be con¬ 
fusing. 

When using different probes, 
remember that each has a differ¬ 
ent delay time; therefore, appar¬ 
ent timing errors will occur on 
the oscilloscope screen. Know 
what the individual probe delays 
are, and account for them in in¬ 
terpreting the CRT display. 

The greatest source of error 
by far in probe use is improper 
grounding. Poor probe ground¬ 
ing can cause ripples and discon¬ 
tinuities in the observed wave¬ 
form. In some cases, the choice 
and placement of a probe's 
ground connection can affect 
waveforms on another channel. 
In the worst case, connecting a 
probe's ground wire can virtual¬ 
ly disable the circuit you're 
measuring. 

The cause of the cited prob¬ 
lems is parasitic inductance in 
the probe's ground connection. 

In most oscilloscope measure¬ 
ments, the inductive effect is not 
a problem, but at nanosecond 
speeds it becomes critical. Fast 
probes are always supplied with 
a variety of spring clips and ac¬ 
cessories designed to aid in min¬ 
imizing the inductance of the 
connection to ground. Most of 
these attachments assume a 
ground plane is in use (as it 
should be). Always try to make 
the shortest possible connection 
to ground—anything longer than 
1 in. can cause trouble. 

The simple network in Fig Aa 
shows just how easy it is for 
poorly chosen or improperly 
used probes to cause bad re¬ 


sults. A 9-pF input-capacitance 
probe with a 4-in. ground strap 
monitors the output, seen in b, 
trace B. Although the input 
(trace A) is clean, the output 
contains ringing. 

Using the same probe with a 
^^-in. spring-tip ground-connec¬ 
tion accessory seems to clean up 
everything (c). However, substi¬ 
tuting a 1-pF FET probe (d) re¬ 
veals a 50% amplitude error in 
b's measurement. The FET 
probe's low input capacitance al¬ 
lows a more accurate display of 
the circuit's action. 

The FET probe does, howev¬ 
er, contribute its own form of 
error. Note that the probe's re¬ 
sponse is tardy by 5 nsec, owing 
to the delay in its active circuit¬ 
ry. Hence, you must make sepa¬ 
rate measurements with each 
probe to determine the ampli¬ 
tude and timing parameters of 
the output. 

In e, probes A, B, E, and F 
are standard types equipped 
with various forms of low-imped¬ 
ance grounding attachments. 

The conventional ground lead 
used with probe G is the most 
convenient to work with, but 
causes ringing and other effects 
at high frequencies, thereby ren¬ 
dering the probe virtually 
useless. 

Probe H has a very short 
ground lead. This lead is better, 
but can still cause trouble at 
high speeds. C is a FET probe. 
The active circuitry in the probe 
and a very short ground connec¬ 
tor ensure low parasitic capaci¬ 
tance and inductance. D is a sep¬ 
arate FET-probe attenuator 
head. Such heads allow use of 
the probe at high voltage levels 
(eg, ±10 or ±100V). You can 
mount the miniature coaxial con¬ 
nector on the circuit board, then 
mate the probe to it. The coaxial 
technique provides the lowest 
possible parasitic inductance; 
therefore, it's recommended. 
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Probe I is a current probe; it 
usually doesn^t require a ground 
connection. However, at high 
speeds, the ground connection 
might result in a cleaner CRT 
presentation. Because no cur¬ 
rent flows in the ground lead of 
these probes, a long strap is 
usually permissible. 


A final form of probe is the 
human finger (J). Probing the 
circuit with a finger can accentu¬ 
ate desired or undesired effects, 
thereby giving clues to circuit 
behavior. You can use a finger, 
for example, to introduce stray 
capacitance into a suspect circuit 
node while observing results on 


a CRT. You can use two fingers, 
lightly moistened, to provide an 
experimental resistance path. 
Some high-speed-circuit engi¬ 
neers are particularly adept at 
these techniques, and can esti¬ 
mate the simulated capacitive 
and resistive effects with sur¬ 
prising accuracy. 


TRACE A 


PULSE p, 
INPUT ^ 


(a) 



TRACE B 


10 pF 



OUTPUT 




TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

10 nSEC/DIV 

B 

1V/DIV 

10 nSEC/DIV 



Fig A — Choosing, and correctly using, appropriate probes is crucial in working with high-speed circuitry. The test network in a 
serines as an evaluation vehicle for various probes. In b, the probe's long ground lead causes ringing. A shorter ground strap (c) cleans 
up the ringing, but the FET probe's low input capacitance shows in d that the previous probe's high capacitance led to amplitude errors. 
Various types of probes and ground attachments are shown in e. 
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A prevalent cause of measurement 
problems^ the improper choice or use of scope 
probes can lead to misleading or false 
results when testinpi highspeed cireuitry. 


used is too heavily compensated or too slow for the 
oscilloscope. Never use, for example, IX (un¬ 
attenuated) probes. Their bandwidth is 10 to 20 MHz or 
less, and their capacitive loading is high. The rules: 
Check probe bandimdth to ensure that ifs adequate for 
the measurement. Equally important, use an oscillo¬ 
scope urith adequate bandwidth. 

Additional probe problems 

Limited bandwidth and capacitive loading are not the 
only sources of probe-induced woes. In Fig 4a, the 
probes are properly selected and compensated, but the 
LTlOlG’s output rings and distorts badly. In this case, 
the probe’s ground lead is too long. For general- 
purpose work, most probes use ground leads about 6 in. 
long. At low frequencies, this length is fine—at high 
frequencies, however, the long ground lead takes the 
form of an inductor, and the illustrated ringing occurs. 

High-performance probes are always supplied with 
some short ground straps to deal with the problem. 
Some come with very short spring clips that mate 
directly with the probe tip to facilitate a low-impedance 
ground connection. For high-speed work, the ground 
connection to the probe should not exceed 2 in. in 
length. Keep the probe's ground connection as short as 
possible. 


A final probe-induced problem causes the aberrations 
of Fig 4b. The problems in trace B are delays and 
insufficient amplitude. A small delay on the leading 
edge is followed by a long delay before the falling edge 
begins. In addition, a lengthy, tailing response 
stretches to 70 nsec before finally settling. The ampli¬ 
tude rises to only 1.5V. A common oversight in probing 
is responsible for these conditions. 

In this example, a FET probe monitors the LTlOlG’s 
output. The comparator’s output greatly exceeds the 
probe’s common-mode input range, thereby causing the 
probe to overload and clip badly. The small delay on the 
rising edge is characteristic of active probes and is 
legitimate. During the time the LTlOlG’s output is 
high, the probe is driven deeply into saturation. When 
the output drops, the probe’s recovery is lengthy and 
uneven, causing the delay and long tail. 

Thus, some final probe-related rules: Know your 
FET probe. Take account of the delay of its active 
circuitry. Avoid saturation effects arising from com¬ 
mon-mode input limitations (typically ±1V). Use lOX 
and lOOX attenuator heads when required. 

Fully as important as—and closely related to—the 
bypassing issue, proper grounding is crucial in any 
high-frequency application of the LT1016 (or any other 
high-speed IC). Fig 5, for example, shows the LTlOlG’s 
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Fig 8—Beware of output-loading problems in using the LT1016. In a, a large capacitive load causes distortion and slow response on the 
outjnWs edges. For heavy capacitive loads, use a buffer. In 6, the LT1016 faces a load that resembles an unterminated transmission line. The 
solution is to terynirmte the line with a resistor, or to shorten the output-lead length. 
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output (trace B) oscillating at approximately 40 MHz as 
it responds to an input (trace A). Note that the input 
signal shows traces of the oscillation. The problem in 
this example is improper grounding of the comparator. 
In this case, the LTlOlO’s ground-terminal connection 
is 1 in. long. 

The ground lead of the LT1016 must be as short as 


possible, and it must be connected directly to a low- 
impedance ground point. Any substantial impedtoce in 
the comparator’s ground path will generate effects like 
those shown in Fig 5, The source of the malady is 
related to the necessity for bypassing the power sup¬ 
plies. The inductance created by a long device ground 

lead permits mixing of ground currents, thereby caus- 

Text continues on pg 142 


(a) 
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A 
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Fig 9—Level shifting is not a trivial task. These level-shifting circuits take advantage of the LTl016's sink-source output (a) to provide 
shifting with very small delays. The shifters suit various applications. The circuit in b, for example, provides a 15V unipolar output. The 
configuration in c allows you to vary the levels; e shows waveforms for this circuit. The setup in d provides a 15V, lA output. 


EDN June 13, 1985 


139 




























































Understand the rules for 

The term **ground plane’’ crops 
up frequently in discussions of 
high-frequency circuit layout, 
most often as a mystical and ill- 
defined cure for spurious circuit 
operation. In fact, there is little 
mystery surrounding the useful¬ 
ness and operation of a ground 
plane, and—like so many phe¬ 
nomena—its fundamental oper¬ 
ating principles are surprisingly 
simple. 

Ground planes are primarily 
useful for minimizing circuit in¬ 
ductance; they do so in accord¬ 
ance with basic magnetic theory. 
Current flowing in a wire pro¬ 
duces an associated magnetic 
field. The field’s strength is pro¬ 
portional to the current and the 
distance from the conductor. 

You can thus visualize a cur¬ 
rent-carrying wire (Fig Aa) sur¬ 
rounded by magnetic-field lines. 
The unbounded field diminishes 
with distance from the wire. A 
wire’s inductance is defined as 
the energy stored in the field set 
up by the wire’s current. Com¬ 
puting the inductance requires 
integrating the field over the 
wire’s length and the total radial 
area of the field. 

The inductance calculation im¬ 
plies integrating the magnetic 
field on the radial line from the 
wire’s radius to infinity. Howev¬ 
er, consider Fig Ab, in which 
two parallel wires in space carry 
the same current in opposite di¬ 
rections. The fields essentially 
cancel, and the inductance in 
this case is much lower than in 
the case of the single wire. You 
can make this inductance arbi¬ 
trarily small by reducing the dis- 


ground planes 

tance between the two wires. 

The reduction of inductance 
between current-carrying con¬ 
ductors is the underlying operat¬ 
ing principle of ground planes. 

In a normal circuit, the path 
that a current takes from its sig¬ 
nal source, through a conductor, 
then back to ground includes a 
large loop area. The loop area 
gives rise to a high inductance 
for the conductor, thereby pro¬ 
ducing ringing because of tank- 
circuit effects. It’s worth noting 
that 10 nH at 100 MHz has an 
impedance of 6.30, so a mere 10 
mA produces a 63-mV drop. 

A ground plane provides a re¬ 
turn path directly under the sig¬ 
nal-carrying conductor, a path 
through which return currents 
can flow. Thanks to the small 
separation of the conductors, the 
inductance is low. The return 
current has a direct path to 
ground, regardless of the num¬ 
ber of branches associated with 
the conductor. Currents always 
flow through the return path of 
lowest impedance. In a properly 
designed ground plane, this path 
is directly under the signal 
conductor. 

In a practical circuit, it’s de¬ 
sirable to make a ground plane 
of one entire side of the pc card 
—usually the component side, 
for wave-soldering considera¬ 
tions—and run the signal con¬ 
ductors on the other side. This 
technique provides a low-imped¬ 
ance path for all return currents. 

There are some practical hints 
about ground planes. 

• On the component side of 
the board, devote as much 


area as possible to a 
ground plane (especially 
under traces that operate 
at high frequencies). 

• Mount components that 
conduct substantial fast- 
changing currents as close¬ 
ly as possible to the board. 
Such items include termi¬ 
nation resistors, ICs, tran¬ 
sistors, and decoupling ca¬ 
pacitors. 

• Where common ground po¬ 
tential is important (eg, at 
comparator inputs), try to 
ground the components at 
one point on the ground 
plane, thereby avoiding ac 
drops. 

• Keep trace lengths short. 
Inductance varies directly 
with length, and no ground 
plane provides perfect can¬ 
cellation. 

In the circuit in c, for exam¬ 
ple, good practice dictates that, 
insofar as possible, grounds 2, 3, 
4, and 5 connect to one point. 
Fast-changing, large currents 
must flow through Ri, R 2 , Di, 
and D 2 during the D/A convert¬ 
er’s settling time. You should 
thus mount these components 
close to the ground plane ^ there¬ 
by minimizing their inductance. 

R 3 and Cl carry no current, so 
their inductance is of minor im¬ 
portance. You could insert them 
vertically to save space and to 
allow point 4 to more easily 
share a single-point ground with 
points 2 , 3, and 5. In critical cir¬ 
cuits, you must often trade the 
beneficial effects of lowered in¬ 
ductance for the loss of a single¬ 
point ground. 
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Fig A—Not a convenience, hut a necessity: Ground planes are essential in high-speed circuitry. They minimize inductance by 
cancelling the magnetic fields generated by currents in conductors. The diagrams in a and b show the fields and cancellation thereof In 
the circuit example in c, ifs important to provide a single-point ground for the components carrying fast-switching currents. 
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Fig 1(^—Grossly overdriving the LTlOWs inputs can result in 
output aberrations, as seen in trace B. Keep common-mode input 
voltages within spec-sheet limits at all times. 


ing undesired effects in the IC. The fix here is simple: 
Keep the LTlOlO^s ground connection as short as possi¬ 
ble (typically V 4 in.), and run it directly to a low- 
impedance ground. Do not use sockets. 

To further illustrate the importance of using a low- 
impedance ground, Fig 6 shows the effects of failing to 
use one. In this example, the output is clean except for 
chattering around the rising and falling edges. Here, 
the LT1016 operates without a ground plane (see box, 
‘‘Understand the rules for ground planes^')* You form a 
ground plane by placing a continuous conductive plane 
over the surface of the circuit board. The only breaks in 
this plane are for the circuits' necessary current paths. 

The ground plane serves two functions. Because it's 
flat (ac currents travel along the surface of a conductor) 
and covers the entire area of the board, it provides 
access to a low-inductance ground point from anywhere 
on the board. Second, it minimizes the effects of stray 
capacitance in the circuit by referring the strays to 
ground. This stray neutralization breaks up unintended 
and harmful feedback paths. In short, always use a 
ground plane ruith the LT1016. 

Effects of stray capacitance 

The stray capacitance mentioned in the previous 
section can produce undesirable effects in comparator 
performance. Consider, for example, the fuzzy edges of 
the output waveform in Fig 7a. This condition appears 
similar to that of Fig 6 , but the oscillation is more 
stubborn and persists well after the output switches 
low. The cause is stray capacitance from the compara¬ 
tor's outputs to its inputs. A 3-kfl input-source imped¬ 
ance and 3-pF stray-capacitance feedback allowed this 
oscillation. The solution for this condition is not diffi¬ 
cult: Keep source impedances as low as possible (pref- 


As the operating speed of circuits increases, 
proper pfroundin^ becomes more important. 
Ifs crucial to minimize series inductance 
and resistance. 


erably Route output and input pins and 

components away from each other. 

The opposite of stray-induced oscillations appears in 
Fig 7b. Here, the output response (trace B) badly lags 
the input (trace A). The lag arises from some combina¬ 
tion of high source impedance and stray capacitance to 
ground at the input. The resulting RC network forces a 
lagging response at the input, resulting in an output 
delay. An RC combination of 2 -kH source resistance 
and 5-pF capacitance to ground yields a 10-nsec time 
constant—the same as the LTlOlG's response time. 
Thus, keep source impedances low and minimize stray 
capacitance from input to ground. 

Avoid heavy capacitive loading 

Feedback and shunt strays are not the only capacitive 
offenders in a high-speed comparator's erratic opera¬ 
tion. Fig 8 a shows another capacitance-induced prob¬ 
lem. Here, the output does not oscillate, but its transi¬ 
tions are discontinuous and relatively slow. The 
problem is a large output-load capacitance. Its genesis 
could be a cable, excessive output-lead length, or the 
input characteristics of the circuit following the 
LT1016. In most situations, heavy capacitive loading is 
undesirable; you can eliminate it by using a buffer 
stage. In a few circumstances, the loading might not 
affect overall circuit operation. Consider the compara¬ 
tor's output-load characteristics and their potential 
effects on the circuit. If necessary, add a buffer between 
the output and the load. 

Another output-caused fault is shown in Fig 8 b. The 
output transitions are initially clean but end in ringing. 
The key to the solution here is the ringing. The 
phenomenon arises because of an output lead that's too 
long. The lead, which appears as an unterminated 
transmission line at high frequencies, causes reflec¬ 
tions. The transmission-line effect accounts for the 
ringing and the abrupt reversal of direction on the 
leading edge. When the comparator drives normal TTL 
circuits, the aberration might be acceptable; other 
loads, however, might not tolerate it. The direction 
reversal, for example, could cause trouble with a high¬ 
speed TTL load. The rule: Keep output lead lengths 
short. When they're longer than a few inches, terminate 
the line with a resistor (typically between 200 and 
5oon). 

Another aspect of the LTlOlG's TTL outputs is that 
you must sometimes shift the levels of the output- 
voltage swing. In LT1016-based circuits, this task is not 
trivial; it's necessary to maintain very low delays in the 
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Beware of such stray-reactance problems as 
feedback or shunt capacitance and series 
inductance. Such unwanted circuit terms 
can cause rinpin^, oscillation, or worse. 


level-shifting stage to obtain optimum performance. 
When you design level shifters, keep in mind that the 
comparator's output stage is a sink-source pair (Fig 9a) 
with a reasonable ability to drive capacitance (eg, 
feed-forward capacitors). 

Fig 9b shows a noninverting voltage-gain stage with 
a 15V output. When the LT1016 switches, the 2N2369^s 
base-emitter voltage reverses, causing the transistor to 
switch very rapidly. The 2N3866 emitter follower af¬ 
fords a low-impedance output; the Schottky diode aids 
the circuit's current-sinking capability. Fig 9c shows a 
very versatile stage. It offers a bipolar swing whose 
levels you can program by varying the output transis¬ 
tor's supplies. 

The 3-nsec stage is ideal for driving FET-switch 
gates. Qi, a gated current source, switches the Baker- 
clamped output transistor, Q 2 . The heavy feed-forward 
capacitor from the LT1016 is the key to low delays; it 


provides Q 2 ’s base with nearly ideal drive. This capaci¬ 
tor loads the LTlOlG's output (Fig 9e, trace A), but Q 2 's 
switching is clean (trace B) and exhibits 3-nsec delay in 
its rising and falling edges. 

The circuit in Fig 9d is similar to that in Fig 9b, 
except that a sink transistor replaces the Schottky 
diode. The two emitter followers drive a power MOS- 
FET that switches lA at 15V. Most of the 7- to 9-nsec 
delay in this stage occurs in the MOSFET and the 
2N2369. When designing level shifters, remember to 
use transistors with high switching speeds and high ffS. 
To obtain results like the ones in these examples, you^ll 
need switching times in the 2-nsec range and fps 
approaching 1 GHz. 

A final example of environment-induced maladies is 
shown in Fig 10. These waveforms are reminiscent of 
the input-RC-induced delay of Fig 7b. The output 
waveform initially responds to the input's leading edge. 




Fig 11—Be sure of your input pulses when measuring the response of your equipment. The circuit in a uses a tunnel diode to generate very 
clean pulses with rise tiines much lower than 1 nsec (b). 
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Respect a highspeed comparator's data 
sheet with regard to such parameters as 
common-mode input ran^e and 
capacitive-load ability. 


but then returns to zero before switching high again. 
When it does switch high, it slews slowly. Other odd 
characteristics include pronounced overshoot and 
pulse-top aberration. The fall time is also slow, and it’s 
well delayed from the input. This behavior is certainly 
unusual for a TTL output. 

All of these TTL-output anomalies are caused by the 
input pulse. Its lOV amplitude is well outside the 
5V-powered LTlOlG’s common-mode input range. In¬ 
ternal input clamps prevent such a pulse from damag¬ 
ing the comparator, but an overdrive of this magnitude 
invariably results in poor response. Keep input signals 
within the LTlOlG^s common-mode input range at all 
times. 

Verify equipment response 

Although some of the examples described earlier 
dealt with probe-caused problems, oscilloscopes, too, 
can be troublesome. Your choice of oscilloscope is 
crucial. Be certain of the characteristics of the probe- 
oscilloscope combination you’re using. You must take 
account of rise time, bandwidth, resistive and capaci¬ 
tive loading, delay, overdrive recovery, and other limi¬ 
tations. High-speed linear circuitry demands a great 
deal from test equipment; you can save countless hours 
if you’re familiar with the characteristics of the instru¬ 
ments you use. 

For example, the 10-nsec response of the LT1016 and 
the circuitry it’s used in challenge the best test equip¬ 
ment. Many of the measurements you must make push 
equipment to the limits of its capabilities. It’s a good 
idea to verify such attributes as probe and scope rise 
time and differences in delays between probes and even 
oscilloscope channels. To effect such verification, you 
need a source of very fast> clean pulses. 

The circuit shown in Fig 11a uses a tunnel diode to 
generate a pulse with a rise time well under 1 nsec. Fig 
11b shows that the pulse is clean, with no attendant 
ringing or noise. In the photograph, the pulse serves to 
check a probe-scope combination whose specified rise 
time is 1.4 nsec. The display shows that the equipment 
is being used properly and is within specification. By 
using the tunnel-diode generator to perform such tests, 
you can save countless hours pursuing supposed circuit 
problems, which in reality arise through misapplied or 
out-of-spec equipment. 

You can, in fact, obtain good results with seemingly 
inadequate equipment if you know and respect the 
equipment’s limitations. All the applications to appear 
in the two follow-on articles involve rise times and 


delays that correspond to frequencies that are greater 
than 100 or 200 MHz, but 90% of the development work 
was accomplished with a 50-MHz oscilloscope. Familiar¬ 
ity with equipment and thoughtful measurement tech¬ 
niques permit useful measurements that are seemingly 
beyond instrument capabilities. 

A 50-MHz oscilloscope, for example, cannot track a 
5-nsec rise-time pulse, but it can measure a 2-nsec delay 
between two such events. Using such techniques, you 
can often deduce the desired information. There are 
situations, though, where no amount of cleverness will 
work, and you must use the right equipment (eg, a 
faster oscilloscope). In general, use equipment you 
trust and measurement techniques you understand. 
Keep asking questions arid donH be satisfied until 
everything on the oscilloscope makes sense. EDN 
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This article, the second in a 3-part series, 
shows you how to use a fast comparator 
IC in V/F converters, AID converters, 
sample-and-hoid amplifiers, and track- 
and-hold amplifiers. The comparator 
realizes fast linear-circuit functions that 
are difficult or impossible to implement 
using previous techniques. 


Jim Williams, Linear Technology Corp 

The complementary, TTL-compatible outputs and the 
10-nsec response time of the LT1016 comparator make 
the IC suitable for linear-circuit applications that de¬ 
mand high operating speeds. Once you have become 
familiar with the IC's basic attributes and some of the 
design precautions associated with its use, you can 
incorporate the comparator in a variety of circuits, 
from high-speed voltage/frequency (V/F) converters to 
sample-and-hold (S/H) and track-and-hold (T/H) 
circuits. 

Part 1 of this series (EDN, June 13, 1985, pg 129) 
covered design guidelines for avoiding some of the 


problems associated with the high-speed circuitry that 
the LT1016 comparator would normally inhabit, as well 
as some essential precautions to take when performing 
tests on such circuitry. This article shows how you can 
exploit the full capabilities of the 10-nsec LT1016 com¬ 
parator in applications requiring A/D and D/A 
conversion. 

V/F converter is 10 times faster 

Using the LTlOiG comparator in combination with an 
LT1012 low-drift amplifier and support circuitry, you 
can build a V/F converter (Fig la) that delivers an 
output of 1 Hz to 10 MHz, with an overrange capability 
to 12 MHz (for an input of 12V). This dynamic range of 
seven decades (20 dB per decade for a total of 140 dB) is 
wider than that of any commercially available unit, and 
the 10-MHz full-scale frequency is 10 times faster than 
the upper limit of currently available monolithic V/F 
converters. 

The main components of the converter are an inte¬ 
grating summing amplifier (Qs, Qe, ICi, and C 2 ); a pulse 
generator (IC2); a level-shifting charge dispenser (Qi, 
Q2, IC5, and Cl); and supporting circuitry (IC3 and IC4) 
that stabilizes the summing integrator and prevents 
latch-up. Each time the circuit produces an output 
pulse, it feeds back a fixed quantity of charge (Q) to the 
summing node (S), where the resulting current is 
summed with the current provided by the input signal. 
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A highspeed comparator helps realize a 
VIF converter with a 7-decade dynamic 
ran^e and a 10-MHz jull-scale frequency. 


The difference signal (integrated in capacitor C 2 ) that 
appears at the output of ICi causes the pulse generator 
to run at a frequency that pumps enough charge to 
offset the input signal and maintain the summing node 
at zero. Consequently, the circuit satisfies the equation 
Q=CV such that the output frequency is linearly re¬ 
lated to the input voltage. 

Op amp reduces offset drift 

For low-bias, high-speed operation, the monolithic 
input circuitry of ICi is turned off by connecting both 
input pins to the -15V rail. A pair of discrete FETs (Q5 
and Qe) directly drives the output stages of ICi. To 
reduce offset drift to 0.2 |xV/°C, IC 3 (a precision op 
amp) measures the offset voltage at the inverting input 
(summing node) of the FET/IC combination, compares 
this offset to ground, and forces the noninverting input 
to maintain offset balance in the FET/IC combination. 
Note that IC 3 is configured as an integrator and re¬ 
sponds only to dc and low-frequency signals. 

When a positive voltage is applied to the input 
terminal, the output of ICi integrates in a negative 
direction (Fig lb, trace A). During the formation of this 
ramp, the inverting output of IC 2 is low. A very-high¬ 
speed level shifter (see Part 1 of this series) consisting 
of Qi and Q 2 inverts the output of IC 2 and drives the 
zener reference bridge (IC5). The positive output of this 
bridge charges Ci to the value Vz+Vbe(Q 3 ). The 1.2V 
diode string (Di and D 2 ) provides cancellation and 
temperature compensation for the diode drops in IC5. 

When the output of ICi crosses the zero level, the 
inverting output of IC 2 goes high and the collector of Q 2 
(trace B) goes to -5V, thereby causing Ci to dispense 
charge into the summing node via the base-emitter 
junction of Q4. The amount of charge dispensed is a 
direct function of the voltage to which Ci was charged 
during the integration cycle (Q=CV). The drop across 
the base-emitter junction of Q 4 compensates the Vbe(Q 3 ) 
term in the capacitor's charge equation. The current 
that flows through Ci (trace C) reflects this charge¬ 
pumping action. 

The removal of charge from the summing node causes 
the node to be driven negative very quickly (trace D). 
The 20-nsec negative-going transient at the bottom of 
the ramp (trace A) is a result of amplifier delay; the 
input signal feeds directly through Ci and appears at 
the output terminal of ICi. When the amplifier re¬ 
sponds, its slew rate delays the process of regaining 
control of the summing node. The length of time during 
which Q 2 's collector remains at -5V (trace B) depends 
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upon how long it takes ICi to recover and upon the 
5-pF/lOOn hysteresis network (R3C3) attached to IC 2 . 
This time amounts to 60 nsec—sufficient for a complete 
discharge of Ci. At the end of this period, IC 2 changes 
state, Q 2 's collector swings positive, and Ci begins 
recharging to repeat the entire cycle. 

The frequency at which oscillation occurs is directly 
related to the current delivered by the voltage input to 
the summing node. Any given input current will re¬ 
quire a corresponding oscillation frequency to hold the 
summing node at an average value of OV. Maintaining 
the linearity of this relationship at megahertz frequen¬ 
cies places severe restrictions on circuit timing. The 
key to obtaining a full-scale operating frequency as high 
as 10 MHz is the ability to transmit information through 
the loop as quickly as possible. The discharge/reset 
sequence is particularly critical. An expanded view of 
this sequence is shown in Fig Ic. 

Trace A represents the integrator's output; its falling 
ramp crosses the zero level at the first vertical grati¬ 
cule line (extreme left). A few nanoseconds later, the 
inverting output of IC 2 (trace B) begins to rise, driving 
the level shifter's output positive (trace C). Approxi¬ 
mately 12 nsec after the integrator ramp crosses the 
zero level, Q 2 's collector begins to swing negative. The 
summing node (trace D) begins to go negative 4 nsec 
later, as current is drawn from it through Ci. At the 
25-nsec mark, the inverting output of IC 2 is fully 
positive, the collector of Q 2 is at -5V, and the summing 
node has been pulled to its negative extreme. At this 
point, ICi begins to take control; its output (trace A) 
begins to slew rapidly in the positive direction, restor¬ 
ing the summing point. At the 60-nsec mark, ICi is fully 
in control of the summing node and the integration 
ramp begins again. 

Beware of latching conditions 

Start-up and overdrive conditions could force the 
output of ICi to go to the level of the negative rail and 
stay there, in which case the ac nature of the charge¬ 
dispensing loop would preclude normal operation and 
the circuit would latch. IC4 provides a watchdog func¬ 
tion to guard against latch-up. If the output of ICi falls 
too far below OV, the output of IC4 switches, forcing the 
input of FET Qe positive. This action in turn forces the 
output of ICi to slew in the positive direction to initiate 
normal operation. The diode chain (D3 to D5) prevents 
common-mode overdrive of IC2. The two 74S04 invert¬ 
ers provide double buffering of the circuit's output. 

To trim the V/F converter, first ground the input 
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‘•POLYSTYRENE. 

Q AND ARE 2N2369s. 

Q 5 AND Qg ARE 2N4393S. 
GROUND LATCH PIN OF IC 2 . 


(a) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

1V/DIV 

100 nSEC/Diy 

B 

10V/DIV 

too nSEC/DIV 

C 

20 mA/DIV 

100 nSEC/DlV 

D 

1V/DIV 

100 nSEC/DIV 


(b) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

0.2V/DIV 

(UNCALIBRATED) 

10 nSEC/DIV 

B 

1V/DIV 

10 nSEC/DIV 

C 

5V/DIV 

10 nSEC/DIV 

D 

0.5V/DIV 

10 pSEC/DIV 


(c) 


Fig 1 — This wide-range V/F converter uses an integrator, level shifter, and fast comparator (a). Transfer linearity is 0.06% over the full 
range from 1 Hz(0V input) to 10 MHz (lOV input). Operation of the VIF converter (b) depends on the precise dispensing of chnrge through a 
capacitor. An expanded view of the critical dischargelreset sequence is shown in c. 
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Maintaining the linearity of the 10-MHz 
VIF converter at megahertz frequencies 
places severe restrictions on circuit timing. 


terminal and adjust potentionieter Ri for a 1-Hz output. 
Then remove the ground, apply 10V to the input 
terminal, and adjust potentiometer R 2 for an output of 
10 MHz. The transfer linearity is 0.06%, full-scale drift 
is typically 50 ppm/°C, and the zero-point drift is 
approximately 0.2 |xV/°C (0.2 Hz/°C). 

Delays in the active elements included in the feed¬ 
back path around the LT1016 determine the upper 
frequency limit of the V/F-converter circuit. The circuit 
shown in Fig 2a extends the frequency limit to 30 MHz 
by minimizing these delays while applying the appro¬ 
priate corrections to retain good linearity and drift 
characteristics. 

The components within the dashed line perform the 
V/F conversion in a manner similar to that of Fig I’s 
circuit, except for the elimination of the level shifter 
and zener. Transistor Qi charges the 200 -pF capacitor 
(Cl); the buffer consisting of transistors Q2 and Q3 
unloads Ci. When the voltage at the inverting input of 
the LT1016 (ICi) exceeds the voltage at the nonin¬ 
verting input, the output goes low, pulling charge out of 
Cl via transistor Q 4 (which acts as a low-leakage diode). 
The 2 . 7 -pF capacitor (C2) connected from the output to 
the noninverting input of the LT1016 provides positive 
feedback, and the LTlOlG oscillates at a frequency in 
the 1-Hz to 30-MHz range. The exact frequency de¬ 
pends upon the input voltage present. 

Adjust for drift and linearity 

Although this simple circuit is fast, its linearity is 
poor and drift exceeds 5000 ppm/°C. To correct these 
deficiencies without sacrificing speed, you have to add a 
quartz-locked, sampled-data loop that counts the num¬ 
ber of pulses emitted by the LT1016 during a fixed 
interval, converts this information to an analog voltage, 
and compares this voltage to the signal input. This loop 
technique relies upon the stability of the time interval 
and the D/A conversion to achieve circuit stability. 
Frequent updating of the loop ensures long-term 
stability. 

Traces A, B, and C in Fig 2b are the inverting input, 
output, and noninverting input, respectively, of the 
LT1016. Their similarity to the corresponding traces in 
Fig Ic reflects the similar operation of the two circuits. 
Trace D shows the crystal-controlled, 4-kHz clock 
pulse. During the low portion of the pulse, the gated 
output of the LT1016 appears at the output of IC4 (trace 
E) and increments the counter chain consisting of IC9 to 
ICii. When the clock goes high, one section of the 74123 
one-shot (IC5) generates a pulse (trace F) that loads the 


7475 latches (ICe to ICs) with the number accumulated 
in the counters. The falling edge of this pulse triggers 
the second section of the 74123 to generate a pulse 
(trace G) that resets the counters to zero. At the next 
falling edge of the 4-kHz clock, the entire cycle repeats. 

Loop resolution sets frequency smoothly 

The D/A converter (IC3) and the associated output 
amplifier (IC 4 A) provide a voltage representation of the 
digital word contained in the 7475 latches. Amplifier 
IC 4 B compares this voltage to the input signal, and the 
amplifier output drives the V/F converter. The feed¬ 
back action of the stabilizing loop through the D/A 
converter corrects for any drift or nonlinearity pro¬ 
duced by the V/F converter. 

Although it^s not obvious, the frequency-setting reso¬ 
lution of the loop is much greater than you’d expect the 
12-bit quantization limit of the D/A converter to permit, 
because the converter’s output signal behaves as if it 
were the output of a 4-kHz clocked-pulse-width modula¬ 
tor. The time constants of the loop integrate the 
modulated signal to a pure dc level, affording smooth, 
continuous frequency-setting capability. The practical 
limit on resolution depends upon the short-term fre¬ 
quency jitter of the LT1016; it’s approximately 25 ppm 
of the reading. 

Although this approach allows higher speeds than 
that of the 10-MHz V/F converter^ there are some 
tradeoffs. The sampling action of the loop and the 
relatively long time constants limit the settling time of 
the circuit to approximately 100 msec min. Consequent¬ 
ly, the 30-MHz circuit cannot tracfe rapidly varying 
inputs. Linearity is limited to 0.025% by D/A-converter 
characteristics, with a full-scale drift of 50 ppm/°C. The 
zero-point drift of 1 Hz/°C arises from the 0.3-|xV/°C 
offset drift of IC 4 B. 

Fast 12-bit A/D converter 

Turning now to a different application, you can use 
the high speed of the LT1016 to implement a very fast 
12-bit A/D converter. The circuit (Fig 3a) uses a 
modified form of the successive-approximation tech¬ 
nique, in which the 2504 successive-approximation reg¬ 
ister (SAR, IC 4 ), amplifier IC 2 , and comparator IC 3 test 
each bit, beginning with the most significant, and 
produce a digital word representing the value of the 
input signal Vin. 

Because the 6012 D/A-converter chip (ICi) is seg¬ 
mented and has a significantly shorter settling time for 
the lower nine bits than for the upper three bits, you 
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CLOCK 


NOTE; 

*1% FILM RESISTORS. 


A 

B 

C 

D 
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F 

G 


(b) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

0.5V/DIV 

50 nSEC/DIV 

B 

2V/DIV 

50 nSEC/DIV 

C 

200 mV/DIV 

50 nSEC/DIV 

D 

5V/DIV 

.50 /iSEC/DIV (UNCALIBRATED) 

E 

5V/DIV 

50 /iSEC/DIV (UNCALIBRATED) 

F 

5V/DIV 

50 /iSEC/DIV (UNCALIBRATED) 

G 

5y/DIV 

50 /iSEC/DIV (LINCALIBRATED) 


Fig 2—This V/F converter (a) counts pulses generated during a fixed interval. Deficiencies of the simplified converter are corrected with the 
aid of a D/A converter. The waveforms (b) show operational similarities between this circuit and that shown in Fig la. 
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V,N ±10V 



NOTES: 

’TRIM FOR 6.5 MHz 
WHEN Q OUTPUT 
OF 7474 IS HIGH. 

”PRECISION 0.01% 
VISHEY S-1.02. 

(a) 


O CONVERT COMMAND 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 nSEC/DIV 

B 

0.5V/DIV 

500 nSEC/DIV 

C 

5V/DIV 

500 nSEC/DIV 

D 

5V/DIV 

500 nSEC/DIV 

E 

5V/DIV 

500 nSEC/DIV 


(b) 


Fig 3 — You can reduce overall conversion time in this 12-bit AID converter (a) by using a segmented DiA converter and by speeding up the 
clock after conversion of the three most significant bits is complete. Trace D (b) shows the clock rate accelerating from MHz to 6.5 MHz 
after conversion of the first three bits. 
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LT1004 (1.2V) r 


Q, 2N3906 


(a) 



NOTES: 

‘SELECT FOR OV,^,, NO.BITS OUT. 
.'*TRW MTR-5 (120 PPM/°C). 

Cl IS POLYSTYRENE, WESCO 
#32-P (-105 ± 30 PPM/°C). 



TRACE 

VERTICAL 

HORIZONTAL 

TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

2 ^SEC/DIV 

A 

5V/DIV 

50 nSEC/DIV 

B 

2V/DIV 

2 ^SEC/DIV 

B 

0.2V/DIV 

50 nSEC/DIV 

C 

2V/DIV 

2 /^SEC/DIV 

C 

1V/DIV 

50 nSEC/OrV 

D 

5V/DIV 

2 ^SEC/DIV 

(c) ° 

5V/DIV 

50 nSEC/DIV 


Fig 4—You can use a serial AID converter (a) for applications in which a single clock serves many converters. Trace D(b) shows the gated 
100-MHz pulse output of the serial converter. Trace A is the convert-command pulse. An expanded view of the critical region (c) shows the 
discharge of the capacitor (trace B). Gated output pulses (trace D) don't appear until linear charging of the capacitor begins. 
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Tou can extend the VtF converter's 
frequency limit to 30 MHz by minimizing 
delays. Appropriate corrections can help 
retain good linearity and drift. 


can reduce overall conversion time by speeding the 
conversion clock (provided by clock generator ICe) after 
conversion of the third bit. IC 2 provides preamplifi¬ 
cation of the input signal and IC/s output, while 
keeping the inherent delay down to 7 nsec max. As a 
result, IC 3 responds cleanly to an input level of 1.22 
mV, corresponding to one-half of the LSB’s value. 

Fig 3b shows operational waveforms of the convert¬ 
er. To make the operation clearer in the scope photo¬ 
graph, IC 2 is eliminated and the converter/input sum¬ 
ming node is connected directly to the noninverting 
input of IC3. Conversion begins when the convert- 
command line (trace A) goes low; the SAR then begins 
testing each bit in turn. During this process, the D/A 
converter’s output (trace B) steps toward its final 
value. After conversion of the third bit, the Q output of 
IC5 (trace C) goes high, forcing ICe to increase its pulse 
rate from 4.2 MHz to 6.25 MHz (trace D). This process 
increase speeds conversion of the remaining nine bits 
and minimizes overall conversion time. 

When conversion is complete, the status line (trace 
E) goes low, setting the latch in IC3 and preventing the 
comparator from responding to any noise or level shifts 
occurring on the input line. During conversion of the 
lowest order bits, IC3 must respond to millivolt-level 
signals without sacrificing speed; the high gain-band¬ 
width product required to achieve this response places 
severe constraints on the comparator design. The 
LT1016 is one of the very few comparators suited to this 
application. 

Serial A/D converter needs few parts 

Although most A/D converters generate a parallel 
output word, a serial converter is inexpensive and is 
particularly suited to applications that use a large 
number of converters that can all be served by a single 
clock generator. A simple serial A/D converter (Fig 4a) 
requires only a current source, an integrating capaci¬ 
tor, a comparator, and some gates. 

The current source consisting of transistors Qi and Q 2 
charges integrating capacitor Ci at a linear rate. Con¬ 
version begins when a convert-command pulse causes 
transistors Q 3 and Q 4 to discharge Ci to within 1 mV of 
OV. Most of the discharge takes place through Qi; the 
VcE drop in this transistor prevents complete resetting 
to OV, but any remaining charge is dissipated through 
Q4, which switches in inverting mode. The discharge 
process takes 200 nsec, which is therefore the minimum 
acceptable width of the convert-command pulse. 

On the falling edge of the command pulse (trace A, 


Fig 4b), Cl begins to charge linearly (trace B), and in 
precisely 10 jxsec, the voltage across it reaches 2.5V. 
This 10-|xsec ramp is applied to the noninverting input 
of the LT1016, which compares the ramp to the input 
signal applied to the inverting input. For a range of 0 to 
-2.5V, apply the input signal through 2.5-kn resistor 
Ri; to extend the range to -lOV, ground Ri and apply 
the input signal through the voltage divider consisting 
of resistors R 2 and Ri. In both cases, resistor R 3 
ensures balanced source impedances at the inverting 
and noninverting inputs of the LT1016 comparator. 

The width of the pulse (trace C) appearing at the 
output of the LT1016 is directly proportional to the 
value of the input signal. The 74AS00 IC has two 
functions, one of which controls the effect of the other: 
IC 2 D allows clock pulses to reach the serial-output 
terminal while the LT1016 output is high; however, 
because the LT1016 changes state during discharge of 
Cl, IC 2 A inhibits the passage of clock pulses until the 
falling edge of the convert-command pulse indicates 
that capacitor discharge is complete. As a consequence, 
the number of 100 -MHz clock pulses that appear at the 
output is proportional to the input signal’s magnitude. 
For a full-scale input of -lOV, 1024 pulses appear; for a 
half-scale input of -5V, 512 pulses appear. Quarter- 
and eighth-scale inputs, etc, follow the same progres¬ 
sion. 

Charging ramp initiates output pulses 

Fig 4c furnishes an expanded view of the most 
critical part of the operation. Trace A represents the 
convert-command pulse. Trace B shows the resetting of 
the Cl and the beginning of the charging ramp. Trace C 
represents the comparator’s output. Trace D repre¬ 
sents the gated serial output. Observe that pulses don’t 
appear at the serial output until the charging ramp 
starts (just past midscreen, after the falling edge of the 
command pulse). Trace D shows jitter because the 
conversion command is not synchronized to the clock. 

The resistor/diode network (R4/D1) at the latch pin of 
the LT1016 ensures clean transitions by locking the 
comparator outputs as soon as the comparator changes 
state at the end of the conversion. The next conversion 
command unlocks the outputs. The 6.19-kn current- 
source scaling resistor (R5) and Ci provide good temper¬ 
ature compensation because of their opposite tempera¬ 
ture coefficients. The entire circuit typically maintains 
accuracy to ±1 LSB over the temperature range 0 to 
70°F, with an additional uncertainty of ±1 LSB caused 
by the asynchronous relationship between the clock and 
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(a) 



TRACE 

VERTICAL 

HORIZONTAL 

TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

500 nSEC/DIV 

A 

2V/DIV 

50 /xSEG/DIV 

B 

1V/DIV 

500 nSEC/DIV 

B 

2V/DIV 

50 /iSEC/DIV 

C 

5V/DIV 

500 nSEC/DIV 

C 

1V/DIV 

10 /.SEC/DIV 

D 

5V/DIV 

20 nSEC/DIV 




E 

10 mV/DIV 

20 nSEC/DIV 




F 

2 mA/DIV 

20 nSEC/DIV 




G 

2V/DIV 

20 nSEC/DIV 

(c\ 




Fig 5 — This feist sample-and-hold circuit (a) specs an acquisition time of less than 200 nsec. Internal delays allow the hold capacitor's voltage 
to exceed the input, hut compensation brings the output to the correct value. Expanded traces E, F, and G (b) clarify sampling compensation. 
Trace E shows the charging ramp overshooting; trace F shows removal of surplus charge through the compensating network. Expanded trace 
C in c shows details of the sampling steps while the circuit samples a triangular wave. Trace A is the input signal; trace B is the sampled 
output signal on the same scale. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

100 nSEC/DIV 

B 

5V/DIV 

100 nSEC/DIV 

C 

5V/DIV 

100 nSEC/DIV 

D 

5V/DIV 

100 nSEC/DIV 

E 

5V/DIV 

100 nSEC/DlV 

F 

5V/DIV 

100 nSEC/DIV 

G 

5V/DIV 

100 nSEC/DIV 


(b) 


Fig ^—You can cut sampling time to 10 nsec when using this sample-and-hold circuit (a) to sample repetitive signals. The lO-nsec window 
can be positioned at any point on the input waveform. One-shots generate a delay period (trace C in h) and 30-nsec spikes (traces D and E), 
which are combined to form a 10-nsec spike (trace G) that performs the sampling. 
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TRACE 

VERTICAL 

HORIZONTAL 

TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

50 nSEC/DIV 

A 

2V/DIV 

10 piSEC/DIV 

B 

20 mV/DIV 

50 nSEC/DIV 

B 

2V/DIV 

lO^SEC/DIV 




C 

5V/DIV 

10 /.SEC/DIV 




D 

5V/DIV 

10 /iSEC/DIV 


(b) (c) 


Fig 7 — This track-and-hold circuit (a) tracks an input signal within ±5 mV for 8-bit accuracy. The circuit has a settling time of less than 10 
nsec. Trace B (h) shows output oscillation around the input level, with clean cutoff on return to hold mod e. Tr ace B in c shows the circuit 
tracking a square wave (trace A). Note that comparator oscillation (trace D) stops cleanly when the trackfhold line (trace C) goes low. 


EDN June 20, 1985 


125 









































































The 30-MHz VIF converter achieves its 
hi£fh speed with a price. Circuit features 
limit the circuit’s settling time to a 
minimum of approximately 100 msec. 


the conversion sequence. 

The high speed of the LT1016 comparator recom¬ 
mends its use in a fast S/H circuit like the one shown in 
Fig 5a. This circuit achieves an acquisition time of 200 
nsec—well beyond the capability of monolithic S/H 
devices and matched only by hybrid and modular units 
in the $200 price range. The circuit also avoids FET 
switching errors, excessive amplifier settling times, 
and other problems associated with standard S/H de¬ 
sign techniques. 

Transistors Q 4 and Q 5 and diode Di form a wideband 
tracking amplifier that maintains point A at a potential 
that's always a fixed amount below the potential of the 
input terminal. When the sample command line (Fig 5b, 
trace A) goes high, transistor Q 2 conducts, thereby 
turning on transistor Q 3 and forcing capacitor Ci to 
discharge (trace B) toward the potential of point A. 
Concurrently, the sample command enables the LT1016 
by grounding the latch pin via TTL OR gate IC 2 a- At 
that point, the inverting output (trace C) goes high. On 
the trailing edge of the sample command pulse, Q 2 and 
Q 3 turn off and current-source transistor Qi rapidly and 
linearly charges Ci. 

The potential at point B is transferred to the nonin¬ 
verting input of the comparator through high-speed 
source follower Q7, which is loaded by current-source 
transistor Qe. When point C reaches the same potential 
as that of the input signal, the comparator changes 
state and its inverting output (trace C) goes low, 
thereby turning off Qi within approximately 2 nsec so 
that it ceases to charge Ci. The low state of the 
comparator output drives the latch pin high via IC 2 A so 
that level changes and line noise on the input line 
cannot affect the potential stored in Ci. 

Delays yield higher potential 

Ideally, point C and the output terminal would now 
be at exactly the potential of the sampled input voltage. 
In practice, the turnoff time of Qi and delays in the 
comparator (amounting to 12 nsec) allow Ci to charge to 
a potential slightly higher than that of the input. This 
error is compensated by removing a small quantity of 
charge from Ci, via delay-compensation capacitor C 2 
and potentiometer Ri, when the comparator output 
goes low. Because the slope of the charging ramp is 
fixed, the error term is constant and the compensation, 
once adjusted, works over the entire input range of —3 
to +3V. 

Traces D through G are expanded to show the 
compensating action. When the comparator output 


TABLE 1 — S/H CIRCUIT SPECIFICATIONS 

ACQUISITION TIME 

<200 nSEC 

COMMON-MODE INPUT RANGE 

±3V 

DROOP 

1 tiVlfiSEC 

HOLD STEP (COMPENSATION OUT) 

100 mV 

HOLD STEP (COMPENSATION IN) 

2 mV 

HOLD SETTLING TIME 

15 nSEC 

FEEDTHROUGH REJECTION 

»100 dB 

OUTPUT NOISE (IN HOLD) 

3 nVy Ni^z AT 1 Hz 


(trace D) goes low, the charging ramp (trace E) slightly 
overshoots its final value. However, the discharge 
through the compensating network (trace F) is just 
enough to bring the ramp back to the correct value. 
Trace G represents the state of the Now line, which 
goes low two gate-delay time periods after the compa¬ 
rator delivers its output. At the end of this delay, the 
output line has settled after the correction transient 
and provides valid data. The total time from the falling 
edge of the sample command to the falling edge of the 
Now signal is never more than 200 nsec. 

Fig 5c shows sampling of a bipolar, triangular wave¬ 
form. Trace A represents the input signal and trace B 
the circuit output. Trace C, an expansion of trace B, 
shows slight smearing of the sampled pedestals because 
of the repetitive, asynchronous sampling of the 
triangle. 

To calibrate the S/H circuit, ground the input line, 
repetitively pulse the sample-command line, and adjust 
compensation potentiometer Ri to obtain OV on the 
output line. After calibration, the circuit should meet 
the specifications listed in Table 1. 

Cut sample time to 10 nsec 

An even faster S/H circuit, which cuts acquisition 
time to 10 nsec, is shown in Fig 6a. You can use this 
circuit only with repetitive signals, however. An 
LT1016 comparator (ICi) drives a differential integra¬ 
tor (IC 2 ) and accepts feedback from the integrator's 
output to the summing node. Fig 6b shows the action of 
the circuit when a 1-MHz sine wave (trace A) is applied 
to the input. A second LT1016 (IC3) generates a zero¬ 
crossing signal (trace B), and one-shot IC 4 A provides an 
adjustable delay (trace C) starting at the zero crossing. 

At the end of the delay period, the Q output of 
one-shot IC 4 B generates a 30-nsec pulse (trace D), which 
is fed into the logic network consisting of ICs and IGe 
along with the inverted signal from the Q output (trace 
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A fast 12-bit AID converter incorporating 
the LT1016 uses a modified form of the 
successive-approximation teehnique. 


F). At the end of the timing period, the Q output goes 
high and the Q output goes low. However, because of 
the gate delays in ICga and ICgb, both inputs of ICsc are 
high for a period of 10 nsec. 

The resulting spike that appears at the output of ICsc 
(trace F) is inverted and enables the latch of ICi. Each 
time the spike occurs, ICi responds to the condition of 
the summing junction. After a number of input cycles, 
the output of IC 2 settles at a dc value that’s the same as 
the level sampled during the period the comparator’s 
latch is enabled. Delay-adjusting potentiometer Ri al¬ 
lows positioning the 10-nsec sampling window at any 
point on the input sine wave. 

Fast track-and-hold circuit 

The last example of the use of the LT1016 in sampling 
and conversion applications is the fast T/H circuit 
shown in Fig 7a. The main functional elements are a 
switched current source (transistors Qi and Qs); a 
current-sink (transistor Q 2 ); a FET source follower (Q4); 
and the LT1016 comparator (ICi). 

To understand circuit operation, assume that the 
potential at point A is initially below that of the input 
terminal, and that the track/hold command line (Fig 7b, 
trace A) is at a logic-one TTL level (track mode). Under 
these conditions, Q 5 conducts, the noninverting output 
of ICi is positive, and the inverting output is low, 
thereby turning off Q 3 and allowing Qi to conduct. At 
this time, Q 2 is also operating, but at only half the 
current density of Qi; the net effect, therefore, is to 
charge capacitor Ci in a positive direction. 

When the potential at point B reaches the value of 
the input signal, ICi’s outputs reverse their states. Q 3 
turns on, thereby rapidly turning off Qi; the turn-off is 
speeded by the action of capacitor C 2 , which bypasses 
Q3. Now, with the current source turned off, Ci begins 
to discharge through Q 2 until the potential at point B 
falls below the input potential, at which point ICi 
changes state again. This process repeats at a 25-MHz 
rate, producing a controlled oscillation (trace B), 10 mV 
in amplitude, centered on the value of the input signal. 

When the track/hold command line goes low (hold 
mode), Qs turns off, thereby turning off both Qi and Q 2 . 
Oscillation ceases and the output terminal is maintained 
by Q 4 at a potential that corresponds to that of the input 
signal within ±5 mV. This 5-mV uncertainty, inherent 
in the circuit, limits accuracy to eight bits. 

Fig 7c shows the action of the circuit when a square 
wave (trace A) is applied to the input terminal. Trace B 
represents the output signal, trace C the track/hold 
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command signal, and trace D the comparator’s output. 
Observe that oscillation stops cleanly when the track/ 
hold line goes low. The circuit’s parameters reflect a 
compromise between speed and accuracy: If the source 
and sink currents were to be increased, the output line 
would slew much more rapidly to keep up with changes 
in the input-signal level. However, the uncertainty of 
the output level, caused by the oscillating nature of the 
circuit, would also be proportionately increased. The 
component values specified in the schematic allow a 
25-MHz update rate, which is adequate to track a 
relatively slow input signal within ±5 mV. Settling 
time is less than 10 nsec after switching to hold mode. 
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East comparator IC 
speeds VCOs 
and other circuits 



This last part of a 3-part series describes how the fast 
LT1016 comparator improves the operation of a 
voltage-controlled sine-wave oscillatory an ac 
Voltmetery a fiber-optic receivery a fast circuit 
breakery and a counter. The speed of the comparator 
lets you run these circuits at higher frequencies than 
previously possibley and with less worry about 
distorting delaySy accuracyy stabilityy and potential 
damage to associated parts. 


Jim Williams, Linear Technology Corp 

The LT1016 comparator sports complementary, TTL- 
compatible outputs and a 10 -nsec response time, which 
can improve the performance of a variety of circuits. 
Mastery of a few design precautions (Ref 1) prepares 
you for designing the comparator into such circuits as 
V/F converters, A/D converters, sample-and-hold am¬ 
plifiers, and track-and-hold amplifiers, as described in 
Part 2 of this series (Ref 2 ). This last installment 
describes a few more designs: a voltage-controlled 
sine-wave oscillator, an ac voltmeter, a fiber-optic 
receiver, a fast circuit breaker for semiconductor cali¬ 
bration j and a stable trigger circuit for a counter. 

The V/F converters described in Part 2 have an 
output consisting of narrow pulses well suited to form¬ 


ing the input to counters and other digital equipment. 
However, there are many applications that require a 
voltage-controlled oscillator (VCO) with a sine-wave 
output. Such applications include audio test equipment 
and shaker tables for subjecting equipment to vibration 
tests. 

Fig la shows a voltage-controlled sine-wave oscilla¬ 
tor circuit with a frequency range of 1 Hz to 1 MHz for 
inputs of 0 to lOV. Voltage/frequency linearity is 0.25% 
over the whole range, and distortion is no more than 
0.4%. 

The principal functional elements of the circuit are a 
summing integrator (IC2); a precision op amp (IC4); a 
current source (Qi) and a current sink (Q2 and Q3); a 
level shifter (Q4 and Q5); the LT1016 comparator (IC3); 
and a wave shaper (IC5 and ICe). 

Cycle generates triangular waveform 

To understand the basic operation of the circuit, 
assume that Q 5 is conducting, and that its collector is at 
-15V (Fig lb, trace A), thereby turning off Qi. ICi 
inverts the positive control signal (Vm) and then pulls a 
current (- 1 ) from the summing node of integrator IC2 
through self-biased FETs Q2 and Q3 and resistor Ri. IC4 
provides dc stabilization of IC2. IC2^s output (trace B) 
rises linearly until the noninverting input of IC3 (trace 
C) crosses the OV level. At that time, IC3 changes state 
and its inverting output goes negative, thereby turning 
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The LT1016 suits many applications that 
require a voltqpe-controlled oscillator with a 
sine-wave output. 


off Q4 and Q5. As a consequence, Qs's collector goes to 
15V and turns on Qi. 

Resistors R 2 and R 3 are scaled to produce a current 
(+ 21 ), flowing into the summing node, that's exactly 
twice the absolute magnitude of the current flowing out 
of the node. The net current into the node thus becomes 
+ 1 , and IC 2 's output moves in a positive direction at 
exactly the same rate as it formerly moved in the 
negative direction. The positive movement continues 
until ICs's input again crosses the OV level, causing IC3 
to change state and thereby turn off Qi via the level 
shifter. The entire cycle then repeats, generating a 
triangular waveform at the output of IC2. The repeti¬ 
tion rate of this triangular wave is directly proportional 
to the magnitude of dc control signal Vin- 

The LT1009 diode bridge and diodes D 3 through De 
provide a stable bipolar reference voltage, the polarity 
of which is always opposite to that of IC 3 's output ramp. 
Schottky diodes Di and D 2 limit the signal appearing at 
the noninverting input of IC3, thereby ensuring that the 
comparator recovers cleanly from any overdrive at IC 2 's 
output. 

Short delays minimize distortion 

Trigonometric function generator ICe, biased by op 
amp IC5, converts the triangular wave appearing at the 
integrator's output to a sine wave. Distortion results, 
however, if the triangular wave's amplitude is not held 
constant. Possible causes of distortion are delays in the 
integrator's switching loop, which result in late turn-on 
and turn-off of Qi, and gate-source transfer effects in 
Qi. If turn-on/turn-off delays become excessive, trian¬ 
gle amplitude increases with frequency, so that sine- 
wave distortion also increases with frequency. Uncom¬ 
pensated gate-source transfer effects produce spikes at 
the upper and lower triangle peaks. These spikes also 
cause distortion. 

The very high speed of the LT1016 comparator, 
together with careful design of the level shifter and the 
circuitry around Qi, holds the total delay generated in 
the comparator, level shifter, and Qi down to 14 nsec. 
The feed-forward network consisting of capacitor C 3 
and resistor R 4 also helps to minimize loop delays. 
Gate-source transfer effects in Qi are compensated by 
capacitor Ci. In addition, FETs Q 2 and Q 3 compensate 
the temperature-dependent on-resistance of Qi to main¬ 
tain the + 21 /—I relationship despite temperature varia¬ 
tions. As the result of these precautionary measures, 
sine-wave distortion is no more than 0.4% over the 
entire frequency range of 1 Hz to 1 MHz, and at 200 


kHz, it's typically less than 0.2%. 

To calibrate the circuit, first apply a lOV input signal 
and adjust high-frequency symmetry potentiometer R 3 
for a symmetrical triangular waveform at the output of 
IC2 (the frequency should be approximately 1 MHz). 
Next, reduce the input signal to 100 |jlV and adjust 
low-frequency symmetry potentiometer R 5 for triangle 
symmetry. Then increase the input to lOV again and 
adjust frequency-trim potentiometer Rs for an output 
frequency of 1 MHz. Finally, connect a distortion 
analyzer to the sine-wave output terminal of ICe and 
adjust distortion-trim potentiometers Re and R 7 for 
minimum distortion (trace E). Slight readjustment of 
the symmetry controls may also be necessary in order 
to achieve the best results over the whole frequency 
range. Don't forget to reduce the input signal to 100 |jlV 
when readjusting R 5 and to increase the input to lOV 
when readjusting R3. 

High-frequency precision voltmeter 

The attributes of the LTI 0 I 6 comparator inspire a 
new approach to the design of ac voltmeters. Previous 
precision-rectifier circuits relied on op amps to correct 
for voltage drops in the signal-rectifier diodes. Al¬ 
though that technique is satisfactory at low frequen¬ 
cies, bandwidth limitations in the op amps usually 
restrict the operation of such circuits to frequencies 
below 100 kHz. You can, however, use the LT1016 in the 
open-loop, synchronous rectifier configuration of Fig 2a 
to achieve high accuracy at frequencies as high as 
2.5 MHz. 

The main functional components of the circuit are a 
zero-crossing detector (ICi); two level shifters with 
bipolar ±5V outputs and propagation delays of only 2 to 
3 nsec; a Schottky-diode switching bridge (diodes Di 
through D4); and a precision dc amplifier (IG 2 ). 

The LT1016 (ICO changes state each time the input 
signal crosses the OV level. Its complementary outputs 
drive the two level shifters that bias the switching 
bridge. Traces B and C (Fig 2b) show the switching 
voltages at points B and C, respectively, of the bridge. 
The input signal is applied to point A of the bridge. 
Because the comparator switches the bridge in syn¬ 
chrony with the input signal, a half-wave rectified sine 
wave appears at point D (trace D). IC 2 and the associ¬ 
ated components generate a dc level corresponding to 
the true-rms value of the input signal. 

The fast switching characteristic of the Schottky- 
diode bridge eliminates charge-pumping effects that 
would be present if a FET switch were used. Trace E, 
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NOTES: 

•1% FILM RESISTOR. 
•'POLYSTYRENE. 
SCHOTTKY DIODES ARE 
HP5082-8210S. ALL 
OTHER DIODES ARE 
1N4148S EXCEPT 
WHERE INDICATED. 
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-15V 

OUTPUT 
1 Hz TO 1 MHz 
SINE WAVE 


(a) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

500 nSEC/DIV 

B 

10V/DIV 

500 nSEC/DIV 

C 

10V/DIV 

500 nSEC/DIV 

D 

2V/DIV 

500 nSEC/DIV 

E 

1V/DIV 

50 nSEC/DIV 



(UNCALIBRATED) 


(b) 


Fig 1—You can use this sine-wave oscillator (a) in applications requiring frequencies between 1 Hz and 1 MHz. You minimize sine-wave 
distortion (trace E in b) by maintaining the symmetry of the triangular waveform at the output of the integrator. 
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NOTES; 

■1% FILM RESISTOR. 
SCHOTTKY DIODES ARE 
HP5082-2810S. ALL OTHER 
DIODES ARE 1N4148s. 
GROUND LATCH PIN OF 
. V LT1016. 
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(b) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

50V/DIV 

500 nSEC/DIV 

B 

5V/DIV 

500 nSEC/DIV 

C 

1V/DIV 

500 nSEC/DIV 

, D 

5V/DIV 

500 nSEC/DIV 

E 

0.5V/DIV 

500 nSEC/DIV 


Fig 2 — A fast comparator switches the diode bridge at OV crossings in this ac-voltmeter circuit (a), and thereby provides accurate 
rectification of the input signal. Clean switching signals (traces B and C in b) result in minimal disturbances in the rectified output (traces D 
and E). Trace A is the input; trace E is an expansion of the half-wave-rectified output. 
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In the VCO circuity the compamtor helps 
hold sine-wave distortion to 0.4% over the 
1 -Hz to 1 -MHz frequency ranpfe. 


which is an expansion of trace D, shows that the 
waveform at the bridge is clean, with the exception of 
very small disturbances at the points where bridge 
switching occurs. 

To calibrate the rectifier circuit, apply a sine-wave 
input signal with a frequency of 1 to 2 MHz and an 
amplitude of IV p-p. First, connect an oscilloscope to 
points B and C and adjust delay-compensation potenti¬ 
ometer Ri so that bridge switching occurs when the 


sine wave crosses the OV level. This adjustment com¬ 
pensates for the small delays (11 to 12 nsec) contributed 
by the comparator and level shifters. 

Next, adjust skew-trim potentiometers R 2 and R 3 for 
minimum aberration in the ac output signal at point C. 
Each of these potentiometers slightly shifts the phase 
of the output's rising edge from the associated level 
shifter. Optimum adjustment of the potentiometers 
keeps skew between the complementary switching sig- 



(a) 


DATA RATE IS DC TO 10 MHz. 
TRANSISTORS Q, TO Qj ARE 2N3866s. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

50 nSEC/DIV 

B 

2V/DIV (INVERTED) 

50 nSEC/DIV 

C 

5V/DIV 

50 nSEC/DIV 


(b) 


Fig 3—This circuit (a) uses an adaptive threshold trigger and the LT1016 to digitize fiber-optic signals at varying light levels and data rates 
as high as 10 MHz. Comparator transitions (trace C in h) line up with the midpoints of the analog-signal edges (trace B), Trace A is the test 
signal, monitored prior to transmission over the fiber-optic cable. 
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The LT1016 surpasses the performance of 
op amps when used in ac voltmeters. The 
comparator achieves hipfh accuracy at 
frequencies as hi^h as 2.5 MHz. 


nals to less than 2 nsec, thereby minimizing output 
disturbances caused by the switching operation. Final¬ 
ly, adjust gain potentiometer R 4 to obtain a dc output 
corresponding to the rms value of the input signal. 
When the circuit is correctly adjusted, a 100-mV sine- 
wave input will produce a clean output with a dc 
accuracy of better than 0.25% at frequencies as high as 
2.5 MHz. 

High data rates, and the light-level uncertainties 
resulting from the aging of components and other 


causes, present severe problems in the design of fiber¬ 
optic data receivers. The fiber-optic receiver circuit of 
Fig 3a features an adaptive threshold trigger that 
accommodates widely varying light intensities. The 
LT1016 accepts the adapted threshold as a switching 
threshold and enables operation at data rates as high as 
10 MHz. 

Two broadband amplifiers with feedback, one con¬ 
sisting of transistors Qi through Q3, the other of transis¬ 
tors Q 4 and Qs, amplify the signal detected by photodi- 



LOAD 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

10 nSEC/DIV 

B 

50 mA/DIV 

10 nSEC/DIV 

C 

5V/DIV 

10 nSEC/DIV 

D 

10V/DIV 

10 nSEC/DIV 


Fig 4—The LT1016 comparator is the heart of this circuit breaker (a) y which features an adjustable current threshold. When load current 
(trace B in b) is forced past the current threshold^ the comparator's output (trace C) reverses state, turning off Q 2 (trace D) within 12 nsec of 
the start of the overload condition. 
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An adaptive threshold tripiger handles 
varyinp! lipiht intensities in a fiber-optic 
receiver. 


ode Di. The amplified analog output appearing at Qs’s 
collector is applied to an output connector for monitor¬ 
ing purposes, to a bipolar peak-detector consisting of Qe 
and Qt, and to the inverting input of the LT1016 (IC 2 ). 
The minimum potential of the amplified signal appears 
at Q/s emitter and is stored in capacitor C 2 ; the 
maximum peak value of the signal appears at Qe's 
emitter and is stored in capacitor Ci. 

Combining these values through resistors Ri and R 2 
causes point A to assume a potential that's midway 
between the excursions of the signal, regardless of 
absolute amplitude. This signal-adaptive voltage, buf¬ 
fered by low-bias, unity-gain amplifier ICi, sets the 
threshold level at the noninverting input of IC 2 , and the 
amplified signal is applied to the inverting input. As a 
consequence, IC 2 will change state whenever the signal 
crosses the midpoint between the minimum and maxi¬ 
mum signal levels, averaged over previous cycles. 

Fig 3b shows waveforms representing the circuit's 
operation. Trace A is the output of a pulse generator 
set up for test purposes. This signal is applied to the 
receiver via the fiber-optic cable. Trace B represents 
the amplified analog output of the receiver, monitored 
at Qs's collector. The broadband amplifier responds 
within 5 nsec, and its output reaches peak value within 
25 nsec. Trace C is the digital output of the receiver, 
monitored at the output of the LT1016 comparator. Fig 
3b shows that comparator transitions line up with the 
midpoints of the rising and falling edges of trace B, thus 
verifying the operation of the adaptive trigger circuit. 

In the development and test phases of semiconductor 
design, calibration procedures or the introduction of 
probes can produce unexpected conditions or cause 
accidental short circuits that damage or destroy expen¬ 
sive components. The speed of the LT1016 comparator 
can be used to advantage in the construction of a circuit 
breaker (Fig 4a) that's three times faster and much less 
complex than its predecessors. The fast circuit breaker 
completes its function before an overload can cause 
damage. 

Current-set potentiometer Ri sets the comparator's 
threshold by applying a known portion of the reference 
voltage to the inverting input of the LT1016 (ICi). The 
noninverting input is driven by the voltage drop across 
sensing resistor R 2 , which is in series with the load. 
Under normal conditions, the voltage drop across R 2 is 
less than the threshold potential. The inverting output 
of ICi is high, shutting off Qi and thereby allowing Q 2 to 
supply current to the load. 

When an overload occurs (in this case indicated by 



Fig 5—This trigger circuit (a) specs 100-mV sensitivity and pro¬ 
vides sharp output pulses from complex input signals at frequencies 
from dc to 50 MHz. The circuit conditions a sine-wave input (trace A 
in b). The pulse output (trace B) is sharp enough to drive digital 
circuitry. 


the pulse of trace A, Fig 4b), current through R 2 (trace 
B) begins to rise, and when the resulting voltage across 
the resistor exceeds the threshold, ICi changes state. 
The inverting output goes low, turning on Qi. The 
tum-on is speeded by feeding the positive-going pulse 
at the noninverting output (trace C) to Qi's base; The 
resulting negative-going excursion of Qi's collector 
turns off Q 2 within 5 nsec (trace D). The total delay 
from onset of overload to complete shutdown is just 12 
nsec. 

Feedback from the noninverting output of ICi 
through the normally closed reset switch to the latch 
pin maintains the LT1016 in the latched state. When the 
fault that caused the overload has been cleared, a 
momentary opening of the reset switch causes the 
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LT1016 to revert to its initial state, thereby restoring 
current to the load. 

Counters and other digital instruments require a 
trigger circuit to generate clean, sharp pulses from 
complex 'waveforms. Schmitt-trigger ICs are satisfacto¬ 
ry only at relatively low frequencies. Designing a stable 
trigger circuit to handle megahertz frequencies is not 
easy, and it often entails the use of many discrete 
components. However, the speed and stability of the 
LT1016 comparator allow you to build a very simple and 
stable trigger circuit with a sensitivity of 100 mV at 
50 MHz. 

FETs Qi and Q 2 (Fig 5a) act as a simple, high-speed 
buffer for the input signal. The LT1016 (ICi) compares 
the buffered input signal to the threshold potential 
applied to its inverting input, and the comparator 
changes state whenever the buffered input signal 
crosses the threshold level. The feedback network 
consisting of resistors R 2 and R 3 provides hysteresis to 
eliminate chattering caused by noisy input signals. 

Fig 5b illustrates the performance of the circuit: 
Trace A is a 50-MHz sine wave applied to the input, and 
trace B is the LTlOlG's output. To calibrate the circuit, 
ground the input terminal and adjust input-zeroing 
potentiometer Ri for OV, measured at the drain of Q 2 . 
Then apply an input signal and adjust trigger-level 
potentiometer R 4 for the desired sensitivity. EDN 
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In battery-powered equipment, ifs often 
convenient to use one 1.5V cell. Ifs not 
easy, however, to desipfn analog circuitry 
that performs well at such a low supply 
level. By using two ICs specifically conceived 
for low-voltage operation, you can configure 
several analog blocks that work from 1.3 to 
1.5V rails. 


Jim Williams, Linear Technology Corp 

Two ICs that are specified for operation from one 1.5V 
supply allow you to design linear circuits that can work 
in battery-powered (for example, remote data-acquisi- 
tion, medical, and power-monitoring) equipment that 
uses only one cell as a power source. The choice of a 
1.5V supply eliminates most linear ICs as design candi¬ 
dates; however, the LMIO operational amplifier/refer¬ 
ence and the LT1017/18 dual comparator are gain blocks 
specified for performance at low supply levels. 

In addition to the limited availability of low-voltage 
linear ICs, the problem of 600-mV voltage drops in 
silicon transistors and diodes makes circuit design 
difficult. The voltage drop consumes a substantial por¬ 
tion of the available supply range. Furthermore, any 
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circuit designed for 1.5V operation must function at the 
battery’s end-of-life voltage, typically 1.3V (see box, 
''Components for 1.5V operation”). 

The design constraints are troublesome especially 
when you need such complex linear circuits as data 
converters and sample/hold amplifiers. However, by 
combining close attention to component characteristics 
and some unusual circuit-design methods, you can 
construct complex linear circuits as well as circuits for a 
crystal-controlled oscillator, a gain-of -101 amplifier, 
and a flyback switching regulator. 

10-kHz V/F converter 

For example, consider the 10-kHz V/F converter in 
Fig la. The 1.5V-powered circuit produces a 25-Hz to 
10-kHz output for input voltages from 0 to IV; transfer- 
function linearity over this range is 0.35%. Gain (full- 
scale) drift is 250 ppm/^’C, and power-supply current 
consumption 's approximately 800 piA. 

To understand circuit operation, assume ICia s posi¬ 
tive input is at a voltage level slightly below that of the 
negative input (ICm output is low). The input voltage 
initiates a positive-going ramp at ICiVs positive input 
(Fig lb, trace A). ICia’s output (trace B) is low, and 
therefore turns on Qi. Q/s collector current drives the 
Q2-Q3 combination, and forces Q2’s collector to clamp 
at IV. 

The 1 -nF capacitor charges to ground (the capacitor- 
current waveform is trace D) via Q 5 . When the ramp at 
ICiA^s positive input reaches a high enough level, ICia's 
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Designing circuits for 1.5V single-cell oper¬ 
ation requires a careful choice of compo¬ 
nents, as well as special desipfn and adjust¬ 
ment techniques. 


output goes high, cutting off Qi, Q2, and Q3. Q4 conducts, 
pulling current from ICia’s positive-input capacitor via 
Qe. The current removal resets ICia^s positive-input 
ramp to a potential slightly below ground, thereby 
forcing ICia's output low. 

The 100-pF capacitor at Qi's collector supplies posi¬ 
tive ac feedback, thereby ensuring that ICia’s output 


remains positive long enough for a complete discharge 
of the 1-nF capacitor. The Schottky diode prevents 
voltage excursions that could drive ICia s input to levels 
outside its common-mode limit. The feedback cuts off 
Q4, then Qi, Q2, and Q3 turn on and the entire cycle 
repeats. The oscillation frequency depends directly on 
the input-voltage-derived current. The junction temp- 
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NOTES: 

* 1% FILM RESISTOR. 

♦*1.5M TYP; TRIM FOR 25 Hz. 
D, IS A 1N914. 

Dj IS AN HP5082-2810. 

IC, IS AN LT1017. 

NPNs ARE 2N3904. 

PNPs ARE 2N3906. 

THERMALLY COUPLE Q3, Q5, Qe- 
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VERTICAL 

HORIZONTAL 

A 

20 mV/DIV 

50 mSEC/DIV 

B 

1V/DIV 

50 mSEC/DIV 

C 

1V/DIV 

50 mSEC/DiV 

D 

400 m,A/DIV 

50 mSEC/DIV 


(b) 


Fig 1—A VIF converter powered by one 1.5V cell, this circuit specs 0.35% linearity from 25 Hz to 10 kHz and consumes 800 \\Afrom the 
battery. The circuit uses a dual comparator specified for low-voltage operation. You can trim the 25-Hz output by selecting a resistor; to trim 
the 10-kHz full-scale output, adjust a potentiometer. 
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erature coefficients of Qs and Qe compensate the temp¬ 
erature coefficient of the Q2-Q3 IV clamp, minimizing 
overall temperature drift. 

Circuit start-up conditions or overdrive can cause the 
circuit’s ac-coupled feedback loop to latch. If this latch- 
up occurs, ICiA s output goes high. ICib detects this 
condition (via the 820-kn/0.22-|xF lag network) and also 


goes high, lifting ICiaS negative input toward 1.5V. 
Because a diode clamps ICia s positive input at 600 mV, 
the IC’s output switches low, initiating normal circuit 
behavior. 

To calibrate the V/F converter, apply 1 mV at the 
input and select the resistor connected to ICia s nega¬ 
tive input for a 25-Hz output. Then apply a IV input 


Components for 1.5V operation 


Most commercially available lin¬ 
ear ICs are not capable of 1.5V 
operation. Two that are capable 
are the LMIO and LT1017/1018. 
The first is an op-amp/reference 
pair that runs from rails as low 
as I.IV; the second is a dual 
comparator that operates from 
voltages as low as 1.2V. 

The LMIO provides good dc 
characteristics, although its slew 
rate is limited to 0.1V/|xsec. The 
LT1017/1018 comparator specs 
microsecond-range response 
time, high gain, and good dc 
characteristics. Both devices 
consume little power. 

Among the other components 
you’ll use in low-voltage circuits 
are diodes, transistors, and the 
battery. Standard pn-junction di¬ 
odes have a 600-mV voltage 
drop, an appreciable portion of- 
the available supply range. At 
currents of less than 10 to 20 
|jlA, the voltage drop decreases 
to about 450 mV. Schottky di¬ 
odes exhibit only a 300-mV drop, 
although their reverse leakage is 
higher than that of standard di¬ 
odes. Germanium diodes have 
the lowest drop (150 to 200 mV), 
even at relatively high currents. 
Often, though, the high reverse 
leakage of germanium devices 
precludes their use. 


Silicon transistors have a 
600-mV Vbe drop, but this fig¬ 
ure decreases somewhat at very 
low base currents. The Vce satu¬ 
ration drop of silicon transistors 
is well below 100 mV at reason¬ 
able currents; judicious device 
selection and use can reduce this 
figure to less than 25 mV. 

Inverted-mode operation (col¬ 
lector and emitter interchanged) 
allows Vce saturation losses at 
less than 1 mV, although beta in 
this mode is often less than 0.1, 
necessitating substantial base 
drive. Germanium transistors 


have two to three times lower 
Vbe and Vce losses, although the 
devices’ speed, leakage, and beta 
are generally not as good as 
those of silicon units. 

Perhaps the most important 
component to consider is the 
battery. Many types of cells are 
available, and choosing the best 
one is a function of the applica¬ 
tion. Two common types are car¬ 
bon-zinc and mercury. The first 
offers higher initial voltage, but 
mercury units have a much flat¬ 
ter discharge curve (Fig A) 
when currents are controlled. 



Fig A—Choose power sources carefully when designing battery-powered systems. 
These curves show the disparate discharge characteristics of commonly used carbon- 
zinc and mercury cells. Although its initial voltage is clearly higher, the carbon-zinc 
cell exhibits a much steeper discharge curve than does the mercury cell. With a 1-mA 
load, the mercury cell overtakes the carbon-zinc unit after approximately 500 hours of 
operation. 
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The physics of silicon semiconductors makes 
it difficult to design for 1.5V operation. 
Diode drops and saturation voltapfes con¬ 
sume much of the supply. 


and trim the 500-kn potentiometer for a 10-kHz output. 

The circuit in Fig 2a is another data-conversion 
configuration. This integrating A/D converter has a 
60-msec conversion time, consumes 360 jxA from its 
1.5V supply, and maintains 10 -bit accuracy over 15 to 


35°C, A pulse applied to the convert-command line (Fig 
2b, trace A) causes Q 3 , operating in inverted mode 
(collector and emitter interchanged), to discharge the 
l-)xF capacitor (trace B). 

Simultaneously, the lO-kH/diode path biases Q4, forc- 


1.5V 


LT1004 


(a) 



DATA 

OUTPUT 


NOTES: 

^ 1% FILM RESISTOR. 

C, IS A 1-|xF POLYSTYRENE CAPACITOR. 
Di, Dj, Da ARE HP5082-2810S. 

IC 1 IS AN LT1018. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

10 mSEC/DIV 

B 

0.5V/DIV 

10 mSEC/DIV 

C 

1V/DIV 

10 mSEC/DIV 

D 

2V/DIV 

10 mSEC/DIV 


(b) 


Fig 2 — This lO-bit-accurate A/D converter is ideal for battery-powered applications. It converts in 60 msec and maintains its accuracy over 
15 to 55°C. The converter is an integrating type: The number of pulses appearing at the output is proportional to the input voltage. 
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1 - OUTPUT VALID 
0 = ACQUIRING 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

1 mSEC/DIV 

B 

1V/DIV 

1 mSEC/DiV 

C 

0.5V/DIV 

1 mSEC/DIV 

D 

1V/DIV 

1 mSEC/DIV 


(b) 


Fig 3 — Eliminating an SIH amplifiers FET switch is one way to design a 1.5V-powered circuit. This S/H amplifier has 0.1% accuracy, 
ynaking it suitable for systems with 10-bit resolution. The circuit acquires a signal in k, msec max and specs lO-pVtmsec droop. You can use the ^ 
SIH unit as a companion for the low-voltage AID converter in Fig 2, 


ing the transistor's collector low (trace D). Qa's invert¬ 
ed-mode switching results in a capacitor discharge to 
within 1 mV of ground. When the convert command 
goes low, Q3 turns off, Q^’s collector voltage rises, and 
the LT1004-stabilized Q1-Q2 current source charges the 
l-fxF capacitor with a linear ramp. During the time the 
ramp's value is below that of the input voltage, ICia's 
output is low (trace C). 

The low output at ICia allows pulses from ICib, a 
quartz-stabilized oscillator, to modulate Q4. Output 
data appears at Q4's collector (trace D). When the ramp 
crosses the input-voltage level, ICiVs output goes high 
and biases Q4; output data then ceases. The number of 
pulses appearing at the output is directly proportional 
to the input voltage. 

To calibrate the A/D converter, apply 0.5V to the 
input and trim the 10-kD potentiometer for exactly 
1000 output pulses each time the convert-command line 
is pulsed. No zero trim is required; however, Qa's 
inverted-mode, 1-mV saturation voltage limits zero 


resolution to 2 LSB. 

A logical companion to the integrating A/D converter 
is a sample-and-hold amplifier. However, an S/H ampli¬ 
fier is one of the most difficult circuits to design for 
1.5V operation, primarily because FET switches with 
low enough pinch-off voltages are unavailable. The S/H 
circuit in Fig 3a circumvents the switch problem by 
eliminating the switch. Although it's, an unusual way to 
implement an S/H amplifier, the switchless circuit 
requires no special components or trimming, it’s easy to 
build, and it has a 4-msec acquisition time to a 0.1% 
error band. 

When a sample command (Fig 3b, trace A) arrives, 
Qi, operating in inverted mode, discharges the 1 -(jlF 
capacitor (trace C). When the sample command's volt¬ 
age drops, Qi turns off and ICiVs internal pull-up 
current source (trace B) charges the capacitor via Q2, a 
transistor connected as a low-leakage diode. IC2, a 
buffer for the capacitor's charging ramp, biases ICib^s 
positive input. When the ramp's potential crosses the 
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Sin£[le-cell-powered V/F and A/D convert¬ 
ers are ideal for such remote-monitoring 
applications as medical, data-acquisition, 
and power-monitoring equipment. 


1.5V 


330k 


1 nF 

-)l- 


1.5V 1 M 

o— 


330k 


(a) 


0 TO 0.5V 


2.2 (jlF 




—It—' 

20k 





) 




+ 



^ 1 

•^IM 




WW'- 


IC,B —I 


OUTPUT 




100k 


20k 


6 

S/H COMMAND 
1 = SAMPLE 
0 = HOLD 


NOTES; 

IC, IS AN LT1O10. 

IC 2 . IC 3 ARE LM10S. 

Q,. Qj, Q 3 ARE 2N4338S. 

Q 4 . Qs, Q« ARE 2N3904S. 

Qy IS A 2N3906. 

* METAL FILM; 0.05% RATIO MATCH. 
SELECT Q, FOR <0.5V PINCH-OFF. 
MATCH Q 2 . Q 3 FOR <500-(xV Vqs MATCH. 
Q 2 . Q 3 : Vqs ^0.5V. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

50 fjiSEC/DIV 

B 

0.2V/DIV 

50 ^jiSEC/DIV 

C 

10 mV/DIV 

50 fjiSEC/DIV 


(b) 


Fig 4—A charge-pump-driven FET switch is the key to the operation of this S/H amplifier, which is speedier but more complex than the one 
m Fig 3, This S/H circuit also operates from one 1.5V cell, but it acquires a signal in 125 \xsec as opposed to the U msec required of the Fig 3 
circuit. You must take special care, though, in selecting the FETs — pinch-off voltage and Vos rnatching and absolute value are critical 
paratneters. 
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TEMPERATURE-COMPENSATION 

GENERATOR 

15k 



NOTES: 

T, IS A TRIAD SP-29. 

Rt is a YSt 44018. 

* 1% FILM RESISTOR. 

X,—AT CUT; 35^ 20' ANGLE 
Q,, Qi ARE 2N3904S. 

Qa IS A 2N2222A. 
ICilSANLMIO. 

Di, Di ARE 1N4148S. 


3.5-MHz OUTPUT 

A _o 0 045 PPM/“C 

^ OVER 0 TO 70“C 


Fig 5—A drift-compensation scheme stabilizes the output frequency of this crystal-controlled, 1.5V-powered oscillator. A thermistor in a 
bridge circuit provides a temperature-dependent signal; a self-exciting up converter scales the signal to a value adequate to bias the varactor 
that acts as a variable capacitor in series with the crystal. The compensation improves frequency stability by a factor of greater than 10. 


input voltage (applied to ICib’s negative input), ICib’s 
output goes high (trace D). 

The high output forces ICia's output low, and the 
1-|jlF capacitor stops charging. Under these conditions, 
the circuit is in hold mode. The voltage on the capacitor 
is then the same as the input voltage, and the circuit’s 
output appears at the output of IC 2 . The 10 -kfl/diode 
path at ICiB provides a latch that prevents input- 
voltage changes or noise from affecting the value stored 
in the 1-|jlF capacitor. When the next sample command 
arrives, Q 3 breaks the latch and circuit action repeats. 

Acquisition time is proportional to the input voltage; 
a full-scale (0.5V) input requires 4 msec. Although 
faster acquisition is possible, the switching delay in 
shutting off ICia’s output will degrade accuracy. The 
circuit’s primary features are its elimination of the 
FET-switch requirement and relative simplicity. The 
S/H amplifier’s accuracy is 0.1%, droop specs at 10 


juiV/msec, and current consumption is 350 |jlA. 

The circuit in Fig 4, a more conventional approach to 
the sample-hold function than the Fig 3 circuit, is 
significantly faster, but it’s also more complex and it 
has special construction requirements. Qi serves as the 
sample-hold switch, and Qe and Q 7 provide a level shift 
to drive Qi’s gate. To minimize power consumption, a 
1500-pF feed-forward path provides fast gate switching 
without resorting to high operating currents in Qe 
and Q7. 

ICiA, a simple square-wave oscillator, drives Q 4 . ICib 
inverts ICia s output and biases Q 5 . Q 4 and Q 5 serve as 
synchronous switches and pump charge to the 2.2-|jlF 
capacitor at Qe’s collector, resulting in a negative volt¬ 
age on the capacitor. Qi’s low pinch-off voltage is 
obtained at the expense of on-resistance. The typical 
1 . 5 - to 2 -kfl on-resistance mandates that the circuit’s 
hold capacitor be small to obtain fast acquisition. 
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Magnetic components—transformers and 
inductors—make it possible to design cir¬ 
cuits that deliver outputs beyond the limits 
imposed by the 1.5V supply. 


The low capacitance dictates a low-bias-current out¬ 
put amplifier; otherwise, droop rate suffers. Q2, Q3, and 
IC3 meet the low-bias-current need. Q2 and Q3 are 
configured as source followers; the resistors serve as 
level shifters to keep IC 3 ’s inputs inside the LMlO’s 
common-mode range. By setting the LMlO’s output 
voltage well above ground, IC^s output diode ensures 
clean dynamic performance for voltages close to OV. 
The 180-pF capacitor compensates the composite 
amplifier. 

You must take several precautions to use this circuit. 
To ensure proper turn-off, select Qi, already an ex¬ 
tremely low-pinch-off device, for a pinch-off voltage 
below 500 mV. Next, any Vqs mismatch between Q 2 and 
Q 3 will contribute to offset error; therefore, you must 
select these devices for Vgs matching within 500 |jlV. 
Also, Vgs for Q 2 and Q 3 must be less than 500 mV, 
otherwise IC 3 can encounter common-mode limitations 
for circuit inputs near full scale. Finally, mismatches in 
the level-shift resistors contribute gain errors. To 
maintain 0 . 1 % circuit accuracy, the ratio match must be 
within 0.05%. 

The preceding precautions taken, the circuit per¬ 
forms well for a 1.5V-powered sample-and-hold amplifi¬ 
er. Acquisition time is 125 luisec to a 0.1% error band, 
and the droop rate is 10 jxV/msec. Current drain is less 
than 700 |jlA. Fig 4b shows the circuit acquiring a 
full-scale input. Trace A is the sample-hold command 
and trace B is the circuit’s output. Trace C, an expand- 
ed-amplitude version of trace B, shows details of the 
output waveform. Acquisition takes place within 125 
fisec, and sample-hold offset is within 1 mV. 

A stable 1.5V oscillator 

In addition to S/H amplifiers, you can use the LMIO 
to build a temperature-stable crystal oscillator. Many 
systems require a clock source, and crystal oscillators 
that run from 1.5V are relatively easy to construct. 
However, if your system needs good stability over 
temperature, the design task becomes more difficult. 
You could use a crystal oven, but this approach leads to 
excessive power consumption. An alternate method 
provides open-loop, correcting bias to the oscillator; the 
bias value is determined by absolute temperature. 

The correcting bias cancels the oscillator’s predict¬ 
able and repeatable thermal drift. The simplest way to 
implement such a scheme is to vary the crystal’s 
resonance point slightly by means of a variable shunt or 
series impedance. Varactor diodes, whose capacitance 
varies with reverse voltage, commonly fulfill this varia- 



Fig 6—The benefits of oscillator-drift compensation are evident in 
these curves, showing the temperature stability of the circuit in Fig 5. 
The compensated oscillator’s output frequency exhibits a tempera¬ 
ture-drift slope of approximately 0.0U5 ppmTC over 0 to 70°C, vs an 
uncompensated circuit’s 0.57 ppmTC. The slight irregularities in the 
compensated circuit’s temperature function arise from basic nonline¬ 
arities in the oscillator’s drift characteristic. 


ble-impedance role. Unfortunately, these diodes re¬ 
quire volts of reverse bias to generate significant 
capacitance shifts, so direct 1.5V-powered operation is 
impossible. 

The circuit in Fig 5 accomplishes the temperature- 
compensation function. The transistor and associated 
components form a Colpitts oscillator that runs from 
the 1.5V supply. The varactor diode, in series with the 
crystal, tunes the oscillator’s frequency as the diode’s 
dc bias varies. The remaining circuitry generates an 
ambient-temperature-dependent dc bias. 

The thermistor network and ICib produce a tempera¬ 
ture-dependent signal that corrects for the thermal 
drift of the specified crystal type. The 1.5V-powered 
LMIO op amp could not normally provide the output 
levels required to bias the varactor. Here, however, a 
self-exciting, switch-mode up converter (Ti and associ¬ 
ated components) forms part of the LMlO’s feedback 
loop. The LMIO drives the switching converter’s input 
so it generates as much output voltage as is required to 
close the loop. 

The thermistor-bridge network and the amplifier’s 
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feedback resistor are scaled to produce appropriate 
temperature-dependent varactor bias. ICia, the LMlO's 
reference portion, stabilizes the temperature network 
against 1.5V-supply variations. Fig 6 plots compen¬ 
sated vs uncompensated oscillator drift. The compensa¬ 
tion improves drift performance by a factor of greater 
than 10. Residual aberrance in the compensated curve 
results from the first-order linear fit that the circuit 


applies to the oscillator's nonlinear drift characteristic. 
Current drain is less than 850 |xA. 

By borrowing from the method used by the Fig 5 
circuit to generate high-voltage outputs, you can effect 
an interface between 1.5V-powered circuitry and high¬ 
er-voltage systems. Such an interface could be used, for 
example, in 1.5V-driven, remote data-acquisition 
equipment that feeds a line-powered data-gathering 



OUTPUT 
0 TO 10V 
75 piA MAX 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10 mV/DIV 

(AC COUPLED) 

10 mSEC/DIV 

B 

2V/DIV 

10 mSEC/DIV 

C 

5V/DIV 

10 mSEC/DIV 

D 

5V/DIV 

10 mSEC/DIV 


(b) 


Fig 7 — A 0 to lOV output with one 1.5V cell is possible in this gain-of-101 amplifier because of the self-exciting up converter at the output. The 
op amp provides the converter's transformer with enough energy to close the feedback loop; the l-MCl! 100-kCl divider sets the gain. The 
Schottky diode bypasses the up converter for low-level signals not needing the converter's step-up action. 
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Many circuits work in lo£fic-driven systems, 
but no commercially available lo^fic, or 
memory family will operate from 1.5V. 


1.5V 



(a) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

0.5V/DIV 

10 |jlSEC/DIV 

B 

5V/DIV 

10 fxSEC/DIV 

C 

20 mA/DIV 

10 fxSEC/DIV 

D 

0.5V/DIV 

10 |jlSEC/DIV 


Fig 8—Power 5V logic blocks from a 1.5V cell with the flyback switching regulator in a. Energy from the output inductor charges the Jf7-pF 
capacitor; the circuit derives its reference from the 1.2V LTlOOIf. The series diode-resistor combination from the output to the LTIOOU provides 
iynmunity from variations in the 1.5V supply, and thereby aids line regulation. 
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OUTPUT CURRENT (^JLA) 


Fig 9 — The efficiency of Fig 8*s SV regulator is a function of load 
current. Fixed losses in the regulator are responsible for low efficien¬ 
cy at low currents; with higher currents, the figure reaches 80%. 


point. Although the battery-powered portion can pro¬ 
vide local processing of signals with 1.5V-powered 
circuitry, it's useful to address the high-level monitor¬ 
ing instrumen^tion at higher voltages. 

The 1.5V-powered amplifier in Fig 7 provides 0 to 
10V outputs and load currents as high as 75 |jlA. The 
LMIO drives the self-exciting up converter with enough 
energy to close the feedback loop. In this case, the 
amplifier is configured with a gain of 101, although 
other gain values are easy to realize. The sole restric¬ 
tion to the circuit's operation is to not exceed the 
1.5V-powered LMlO's common-mode input range. 

The Schottky diode bypasses the up converter for 
low-voltage inputs, aiding output-noise performance. 
Overlap between the up converter's turn-on threshold 
and the diode's forward threshold ensures clean, dy¬ 
namic behavior at the transition point. To increase 
efficiency, the 33-nF capacitor provides positive ac 
feedback, forcing the LMlO's output to provide pulse- 
width modulation to the up converter. 

Fig 7b gives details of the circuit's operation. The 
output (trace A) decays until the LMIO switches (trace 
B), thereby starting the up converter. The two transis¬ 
tors' collectors (traces C and D) alternately drive the 
transformer until the output voltage rises to a high 


enough level to shut off the LMlO's output. The se¬ 
quence repeats; the repetition rate depends on the 
output voltage and loading conditions. 

Single-cell 5V regulator 

Although many of the circuits described earlier work 
in logic-driven systems, no commercially available 
logic, microprocessor, or memory family will operate 
from 1.5V. Therefore, it's necessary to devise a way to 
drive standard logic blocks from a 1.5V battery. The 
simplest way to do this is to use a switching regulator 
designed for 1.5V-input operation. Fig 8's flyback 
configuration, originated by RJ Widlar (LT1017/18 
Notes, Linear Technology Corp memorandum, 1984), 
delivers a 5V output. 

ICiA serves as an oscillator that provides a ramp (Fig 
8 b, trace A) at ICib's dc-biased negative input. ICib 
compares a divided version of the output with a refer¬ 
ence point derived from the LT1004. The ramp signal, 
summed with the reference point, causes ICib's output 
to undergo width modulation (trace B). During the time 
ICib's output is low, current builds in its output induc¬ 
tor (trace C). 

When the ramp at ICib's input reaches a low enough 
level, ICib's output goes high, and the inductor dis¬ 
charges into the 47-|jlF capacitor. The diode from ICia's 
output to ICib's positive input supplies a pulse (trace D) 
on each oscillator cycle, thereby ensuring loop start-up. 
The 120-kn/diode path from the output bootstraps the 
LT1004's bias, thus aiding overall regulation. Fig 9 
plots regulator efficiency. Because of fixed losses in the 
regulator, small loads produce the lowest efficiency; 
however, the circuit exhibits 80% efficiency for loads 
greater than 1500 |ulA. EDN 


Author’s biography 

Jim Williams, staff scientist at Linear 
Technology Corp (Milpitas, CA), spe¬ 
cializes in ayialog-circuit and -instru¬ 
mentation design. He has served in 
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Test your 
analog-desigQ IQ 

Part 2 


Midterm break is over; ifs time to test your 
skill with 25 entirely new linear-design 
challen 0 es, some of which have deliberately 
planted bu^s. Desiprned with more recent 
ICs than those in Part 1, these circuits 
reflect modern-day speed and stability 


Jim Williams, Linear Technology Corp 

Pit your wits against analog gremlins in this quiz, a 
continuation of the test that appeared in EDN’s Nov 28, 
1985, issue. (Part 1 is an updated version of the quiz 
that appeared in the October 5, 1979, issue of EDN.) 
These new circuits incorporate more recent semicon¬ 
ductor devices, many of which were unavailable in 1979. 
The circuits demonstrate the enhanced speeds and 
stability possible with today’s devices. 

Ready? Begin! 

1. Fig 1 shows a motor-speed control circuit that uses 
the motor’s back EMF as the speed signal. ICi, config¬ 
ured as an oscillator, drives the QrQa pair, thereby 
providing pulsed excitation to the motor. The 4016 
switch and associated components form a synchronous¬ 
ly updated servo amplifier. The speed signal, sampled 



Fig 1 — Q 2 , the 0M8-\kF capacitor, and the 1N4148 diodes in this 
motor-speed control circuit play a vital role. What is that role? 


between Qs’s output pulses, is stored in the 0.047-p-F 
capacitor. IC 2 ’s output, a dc signal, closes the loop at 
ICi’s noninverting input. ICi responds by varying its 
duty cycle to control motor speed. What are the func- 
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Fig 2 — Eliminate the output offset caused by Vbe mismatch in the 
input transistors in this video amplifier. 


tions of Q 2 , the 0.068-ixF capacitor, and the 1N4148 
diodes? 

2. The circuit in Fig 2 is a video amplifier. Although 
the dc response of video amplifiers is generally not 
crucial, it's a good idea to minimize offset in the 
amplifier's output. A mismatch in the VbeS of the 
discrete input transistors can generate such output 
offset voltages, particularly at high gains. Suggest a 
simple way to solve the problem. 

3. Fig 3 shows a quartz-stabilized V/F converter. It 
operates by clocking the LTC1043 charge pump in such 
a way as to force the voltage at ICi's summing junction 
to OV. ICi's output ramp sets the flip-flop, and the IC 2 
quartz-controlled oscillator resets it. The flip-flop's 
resultant Qi output controls the charge pump. The 
LMI 99 -IC 3 combination serves as a reference. The 
circuit's schematic diagram contains two errors. Find 
them. 


15V 


INPUT 
0 TO 10V 



Fig 3 — This quartz-stabilized VtF converter won't work. Can you find and correct the two connection errors that prevent this circuit from 
functioning properly? 
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ICou must sometimes use subtle circuit tricks 
to stabilize or protect linear circuitry. 


4. Something is missing from the circuit in Fig 4. 
What is it? 

5. Fig 5 shows a fast level shifter that converts the 
LT1016's TTL outputs to +5, -lOV levels for FET- 
gate drive. With the addition of two components, the 
circuit will switch in the 3- to 4-nsec range. Add the 
necessary components. 

6 . The crystal-oscillator circuit in Fig 6 functions well 
with AT-cut crystals designed to operate at approxi¬ 
mately 10 MHz or below. With higher-frequency crys¬ 
tals, however, the circuit often provides multiples of 


10k 



NOTES: 

*SELECT ON CURVE TRACER FOR BREAKDOWN >45V. 
■^■^ADJUST FOR FASTEST OUTPUT RISE TIME. 


Fig 4 — Something is missing from this pulse-generation circuit. 
What is it? 


5V 



Fig 5—By adding two components, you can make this level shifter 
switch in only 3 to U nsec. 


the intended frequency. Devise a simple solution to the 
problem and explain why your solution works. 

7. The circuit in Fig 7 is a simple voltage reference. 
The inverted-mode transistor serves as a first-order, 
temperature-compensated zener diode, and the op amp 
provides scaled buffering. The 5-nF capacitor filters 
noise. Most voltage references of this type work, but 
some exhibit output noise. There is a very evil gremlin 
in this circuit. What is it? 

8 . Fig 8 gives the schematic diagram of a |jlA 733 
video amplifier. The configuration of the input stage 


5V 



Fig 6 — Eliminate the 10-MHz high-frequency limitation inherent 
in this crystal-oscillator circuit. 



Fig 7—A mischievous gremlin lurks in this simple voltage-reference ^ 
configuration. Find the gremlin and eliminate it. 
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In Unecir-circuit desi£fn, adding a, few com¬ 
ponents often makes the difference between 
smooth performance and erratic, unpredict- 
ahle operation. 


suggests an application other than high-frequency am¬ 
plification. Using only the user-accessible pins, sketch 
the application circuit. (Hint: You may ground the V+, 
V-, and output lines.) 

9. Once youVe determined the potential alternate use 
for the 733 in question 8, discuss the reasons why the 
reconfigured circuit might not work well. 

10. Fig 9 shows a transistor that has suffered emit¬ 
ter-base breakdown. Predict the voltage at the collector 
and describe the mechanism that’s responsible for the 
existence of this voltage level. 

11 . The 1.5V-powered A/D converter in Fig 10 is 
designed to operate over 25 to 35°C. The dual-transis¬ 
tor current source produces a ramp, which ICi com- 



Fig B—Test your knowledge of transistor trivia. Under the condi¬ 
tion of base-emitter breakdonm^ wkafs the collector voltage in this 
circuit configuration? 


v+ 



Fig 8 — Find an unorthodox application for this monolithic video amplifier. You may ground any pins you like. 
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Fig 10—Sharpen your drift-reduction skills with this 10-hit AID converter. Find and eliminate the principal contributor to gain drift. 



Fig 11—Whafs the limiting factor on frequency resolution in this VtF converter, and what’s the finest input-induced frequency change 
possible? 
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Fig 12—Predict the output of this unity-gain voltage follower, and 
discuss the role of the potentiometer. 



Fig 13—WhaFs the role of the RC network in this fast, destabilized 
FET buffer? 


pares with the input voltage. IC/s output status and 
the convert command gate IC 2 ^s output pulses to the 
output. The circuit takes 16 msec to perform a full-scale 
conversion and draws 360 fxA. It also has a large gain 
drift. Find the main source of this drift and correct it. 

12 . The broken lines in Fig 11 enclose a crude V/F 
converter that operates over a 1-Hz to 30-MHz range. 
Although this simple circuit is fast, its linearity is poor 
and drift exceeds 5000 ppm/°C. The remaining compo¬ 
nents form a quartz-locked, sampled-data loop that 
corrects the deficiencies. The loop works by counting 
the number of pulses at the LT1016’s output during a 
fixed interval and by then converting this pulse count to 
a voltage (with the aid of the D/A converter). This 
voltage is compared with the circuit’s input voltage by 
an amplifier that drives the LT1016 V/F converter. 

This closed-loop technique relies on the stability of 
the time interval and the digital-to-voltage conversion 
to achieve circuit stability. Frequent updating of the 
loop ensures long-term stability. What are the frequen¬ 
cy-resolution limitations of this circuit, and why do they 
compromise resolution? What governs the smallest 
possible input-related frequency change increment? 

13. The circuit in Fig 12 is a unity-gain follower 
connected to a network of resistors and capacitors. 


125 V 



Fig 14 — Add compensation to this 2li.0V p-p, FET-input operational amplifier. What are.the limitations on the dreuiVs high-frequency 
response? 


































































Stable dc characteristics and extended hi£fh- 
frequency performance aren^t necessarily 
mutually exclusive. Clever stabilization 
tricks let you obtain both. 



2.2 m,F 


NOTES; 

* 1% FILM RESISTOR. 

**1.5M TYP; TRIM FOR 25 Hz 
Di IS A 1N914. 

Di IS AN HP5082-2810. 

IC, IS AN LT1017. 

NPNs ARE 2N3904. 

PNPs ARE 2N3906. 

THERMALLY COUPLE Qj. Q,, Qe. 


Fig 15—WhaFs the approximate gain drift in this V/F-converter circuit, and what are the primary contributors to the drift figure? 


INPUT 
OTO 1V 



OUTPUT 
1 Hz TO 1 kHz 


Fig 16—WhaFs the secret of this 1.5V-powered VIF converter's low current consumption, and what tradeoffs do you have to make to achieve 
such low consumption? 
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It takes imagination and creativity to de¬ 
sign linear circuitry that exploits the hi^h 
speed and precision of modern linear ICs. 


5V 



Fig 17 — What are the power-supply constraints in this CMOS- 
oiitpiity chopper-stabilized operational atnplifier? 


What would you expect to see at the amplifier's output? 
What does the 2-kn potentiometer do? 

14. Fig 13 shows a fast, dc-stabilized, low-capacitance 
FET buffer. The FET, configured as a source follower, 
drives the LTlOlO buffer. The LTC1052 chopper-stabi¬ 
lized amplifier compares the dc voltages at the input 
and output of the LTlOlO, and it forces (via Q 2 ) the 
FET's channel current to control circuit offset. What is 
the function of the lO-kfl/lO-nF RC combination? 

15. The circuit in Fig 14 has a ±120V-swing output 
stage connected to an input stage that uses an LT1055 
FET op amp. The LT1055 has a 5-MHz gain-bandwidth 
product. Frequency compensation for this circuit is not 
shown. Put it in. Wliat limits this circuit's high-frequen¬ 
cy response? 

16. The 1.5V-powered charge-pump V/F converter in 
Fig 15 operates to 10 kHz. Which transistors must you 
thermally couple in order to obtain the best overall 
temperature coefficient in this circuit? Discuss the 
primary sources of gain drift in this configuration and 
estimate the gain temperature coefficient. 

17. Fig 16 shows another 1.5V-powered V/F convert¬ 
er. This circuit provides a 1-kHz full-scale output, It 
draws only 125 ijlA of supply current—almost seven 
times less than doe^ the circuit in Fig 15. Wliat makes 
this reduction possible? What tradeoffs does the cur¬ 
rent reduction entail? 

18. CMOS inverters serve as an output stage for the 



F^18—Use these building blocks to design a low-dropout, 5V regulator. Be sure to include short-circuit current limiting. 
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LTC1052 chopper-stabilized op amp in Fig 17. The 
damper network prevents oscillation, and the circuit 
works well as shown. Discuss power-supply restrictions 
—^what supply voltages can you use in this circuit, and 
what voltages must you not use? Why? 

19. Almost all low-dropout voltage regulators use pnp 
pass transistors. PNP-based designs provide low drop¬ 
out, but they often have poor dynamic performance and 
relatively high quiescent currents. Using the compo¬ 
nents shown in Fig 18, construct a low-dropout, 5V 
regulator that operates from the 6V battery and pro¬ 
vides 100-mA output. Include short-circuit limiting. 



Cl IS WESCO 32-P POLYSTYRENE; -120±30 PPM/°C. 
INVERTERS ARE 74HC04. 


Fig 20 — Analyze this RC oscillator. Discuss the role of the CMOS 
inverters, the iufluence of comparator characteristics, the tempera¬ 
ture-drift performance, and the influence of operating frequency on 
drift. 


12V 12V 



Fig 19—Discuss the roles of the diode-resistor networks in this switched-capacitor voltage inverter. Why are the networks present, and how 
do they fimctio7i? 
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Fig 21—Can you find the subtle gremlin that degrades long-term accuracy in this sampled-operation strain-gauge signal conditioner? 



Fig 22 — Discuss the roles of the transistor and the zener diode in this high-voltage regulator. What characteristics must Qj have, and how 
dms the transformer type you choose influence your selection of Qj? 
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20. Fig 19 shows a large-scale, switched-capacitor 
voltage converter. The self-clocked LTC1043 provides 
opposite-phase drive to the MOSFETs. The FETs are 
arranged so that the 470-|xF capacitors are alternately 
placed in series and in parallel. When they’re in series, 
the capacitors are charged; when you place them in 
parallel, they discharge into the load. ICi truncates the 
cycle, allowing the output to achieve a regulated 5V 
level. What do the diode/l-kfl combinations do, and 
why? 

21. The circuit in Fig 20 is a low-drift RC oscillator. 
What do the CMOS inverters contribute? What effects 
do the comparator’s characteristics have? Estimate the 
oscillator’s drift performance. As the oscillator’s opera¬ 
ting frequency increases, what should happen to the 
drift, and why? 

22. Fig 21 shows a sampled-operation, strain-gauge 
signal conditioner. A low-frequency oscillator drives 


Incorrect circuit configurations or poor 
choices of component values can render the 
best analog components worthless. 


the strain bridge via the 2N2219, and the 3-op-amp 
instrumentation amplifier extracts the difference sig¬ 
nal. The 74C221 one-shot multivibrator generates a 
delayed pulse that triggers a monitoring A/D convert¬ 
er. The low-frequency sampling yields low-power oper¬ 
ation: Current drain is typically 650 |jiA. A subtle 
mechanism in this circuit, however, can degrade accu¬ 
racy over time. What causes the accuracy degradation, 
and how can you correct the problem? 

23. The circuit in Fig 22 is a high-voltage regulator. 
What is the function of the 30V zener diode? For the 
regulator to work properly, what characteristics must 
Qi have? How does the transformer you select influence 
the type of transistor you select for Qi? 

24. The LM669 autozero IC in Fig 23 continuously 
corrects offset drift in the LMll. It effects the correc¬ 
tion by monitoring the LMll’s summing-junction volt¬ 
age, comparing this voltage with OV, and then driving 


COMP 0 02 pP 



Fig 23—Perform simplification and power-reduction surgery on this autozeroing circuit. What is the role of the LTC1052 chopper-stabilized 
operational amplifier? 
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Fig 24—Halve the delay time in the level-shifting circuit at the 
output of the LT1016 TTL-output comparator. 


the noninverting input to null the offset. The LM669 
has a maximum error of 25 |jlV. What is the LTC1052 
chopper-stabilized amplifier doing in the circuit? How 
could you simplify the circuit? How might you obtain 
power savings? 

25. Fig 24 shows a level shifter for a fast TTL-output 
comparator. The level shifter’s delay is approximately 8 
nsec. Show a simple way to cut this delay in half. 

Score yourself 

After you’ve answered the 25 questions, compare 
your responses with the ones presented on page 155. 
Note that, as in Part 1, the answers to Part 2 are 
sometimes incomplete, and they sometimes pose addi¬ 
tional questions for your reflection. Finally, be sure to 
circle the appropriate number in the Article Interest 
Quotient. Your response will count heavily in the au¬ 
thor’s decision to work on another analog-IQ quiz, or to 
give in and study ones and zeros (heaven forbid!). EDN 


Article Interest Quotient (Circle One) 
High 476 Medium 477 Low 478 
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Build your own 
A/D converter for 
optimum performance 


When you’re faced with the task of solving 
an AID-conversion problem, you can choose 
from a variety of off-the-shelf parts. In 
terms of performance, however, it might be 
better to build than to buy. By following 
some design guidelines, you can buUd your 
own high-speed 12-bit AID converter. 


Jim Williams, Linear Technology Corp 

To economically achieve the best speed in an A/D 
converter, consider designing the part rather than 
buying it. Although you can choose from a variety of 
monolithic, hybrid, and modular SAR-based (succes¬ 
sive-approximation-register-based) devices (the most 
popular technique employed in A/D-converter designs), 
such off-the-shelf solutions are generally either slower 
or more expensive than you’d prefer. 

At the 12-bit conversion level, for example, the 
fastest monolithic devices spec conversion times of 
approximately 10 p.sec. Modular and hybrid 12-bit con¬ 
verters can achieve 2-iJLsec conversion times, but such 
devices are expensive. By designing your own 12-bit 


A/D converter, you can build a device that solves both 
the conversion-speed and the cost problems. 

Fig la shows a simple 12-bit, 12-|xsec SAR convert¬ 
er. You’ll find it easier to design faster converters if you 
understand this circuit’s performance limitations. In 
Fig lb, a clock signal (trace A) is applied to the 2504 
SAR. On the rising edge of the start pulse (trace B), 
the SAR-D/A-converter combination begins to test 
each bit, starting with the MSB. Signal status at the 
LTlOll’s positive input (trace C) reflects this action. As 
shown, this waveform’s voltage sequentially converges 
toward OV as the SAR, D/A converter, and compara¬ 
tor provide servo control for the node. 

The conversion-complete (CC) line (trace D) goes low 
after conversion of the LSB to signal the end of the 
sequence. The 7475 latch prevents the comparator from 
responding to input noise once the conversion is com¬ 
plete. This latch is reset at the next CC command. 

Understanding some inherent limitations 

When it comes to conversion speed, the D/A convert¬ 
er and the comparator are the major limiting factors in 
this circuit. For a worst-case, full-scale step, most 
bipolar D/A converters spec settling times of 150 to 200 
nsec. In addition, the comparator’s delay time comes 
into play. The clamp diodes limit excursions to speed 
comparator response, and the 8200 resistor, which is 
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Successive-approximation AID converters 
start with the MSB and work towards the 
LSB as they make each under!over decision. 


connected to ground, shunts the D/A converter’s out¬ 
put capacitance to speed comparator-D/A-converter 
node settling. Although this shunt degrades the voltage 
level per LSB available to the comparator, the LTlOlTs 
high gain compensates for that degradation. 

In general, the circuit shown in Fig la is a fairly 
typical 12-bit SAR converter that features low cost and 
adequate speed. To realize higher conversion speeds, 
you’ll need more sophisticated circuitry. 

The circuit in Fig 2a uses a clock-modulation scheme 
to improve conversion speed. In this design, a 2-speed 


oscillator drives the clock terminal, CP. Fig 2b details 
circuit performance. A convert-command pulse (trace 
A) initiates the SAR routine. The pulse sets the 7474 
flip-flop’s Q output (trace C) high, which turns on Qi. 
The 47- and 33-pF capacitors (part of oscillator ICi’s 
timing network) are now in parallel. ICi’s output pulses 
(trace B) drive the SAR’s CP terminal. 

The flip-flop resets after conversion of the third MSB 
(trace C). Qi turns off, and the clock oscillator increases 
its frequency (trace B). The higher clock frequency 
reduces dwell time per bit at the comparator-D/A- 
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Fig 1—Designing fast converters becomes easier when you understand the performance limitations of this simple 12-bit SAR design (a)* In 
tim case, both the D/A converter and the comparator limit circuit speed. The waveforms (b) reflect circuit operation. 
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(a) COMMAND 


(b) 


A 

B 

C 

D 


E 



TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

1 iSEC/DN 

B 

10V/DIV 

1 /^EC/DIV 

C 

10V/DIV 

1 ^iSEC/DIV 

D 

200 mV/DIV 

1 /iSEC/DIV 

E 

5V/DIV 

1 ;^EC/DIV 


Pig 2—You can improve conversion speeds by using a clock-modulation scheme (a). The circuit operation (h) shows that the flip-flop resets 
after conversion of the MSB hit (trace C), and oscillator freqmncy increases (trace B). 
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Even when speed is not a prime design 
consideration, you may save money by 
building rather than buying an AID 
converter. 


converter junction (trace D), thereby decreasing total 
conversion time. As shown, the conversion-complete 
pulse (trace E) drops low 6.5 \Lsec after the convert- 
initiation command. 

Although this clock-modulation approach significant¬ 
ly improves conversion speed, it does nothing to reduce 
the comparator’s contribution to delay time. One solu¬ 
tion to this problem is, of course, to use a faster 
comparator. But although the use of a faster compara¬ 
tor is a viable option at the 8-bit (or even the 10-bit) 


level, it causes problems at the 12-bit level. 

For example, you could use an LT1016 (a 10-nsec 
device) in place of the slower (150-nsec) LTlOll to 
increase speed. If you do, however, you’ll have to 
sacrifice available gain. The LTlOll has a minimum 
gain of 200,000, but the LT1016 specs a gain of only 
1400. For a lOV full-scale A/D conversion, the LSB size 
is as follows: 

10V^4096 steps=2.44 mV. 


The successive-approximation technique 


Use of the successive-approxima¬ 
tion conversion technique proba¬ 
bly dates to the invention of the 
weighing scale. In fact, you can 
most easily visualize this conver¬ 
sion technique by considering 
the operation of a beam balance. 

With the beam balance, you 
determine an unknown weight 
held in one pan by successively 
placing standard weights in the 
other pan. The balance makes 


overweight/underweight deci¬ 
sions as you successively try 
standard weights (or combina¬ 
tions thereof) in a logical se¬ 
quence to balance the scale. 

Successive-approximation A/D 
converters start with the MSB 
and proceed towards the LSB 
after they make each under/over 
decision. Operation is straight¬ 
forward (Fig A). Trace A shows 
the summing-node response as 


the converter, under instruc¬ 
tions from the clock-driven suc¬ 
cessive-approximation logic 
(trace B), tries different bit 
weights. Trace C illustrates the 
comparator’s decisions. Note 
how the summing point sequen¬ 
tially converges towards 
OV—^the analog of null in a beam 
balance. 


VOLTAGE INPUT 


SUMMING I 


POINT 


D/A CONVERTER 


CLOCK 


V-t 

y CURF 


COMPARATOR 


CURRENT 

OUTPUT ^00^ 


SAR 


(a) 





TRACE 

VERTICAL 

HORIZONTAL 

A 

0.1V/DIV 

20 /iSEC/DIV 

B 

5V/DIV 

20 /iSEC/DIV 

C 

5V/DIV 

20 /iSEC/DIV 


Fig A—Operation is straightforward in a SAR converter. As the converter, under control of the clock-driven SAR logic (trace B), 
tries different bit weights, the summing node response (trace A) sequentially converges towards 0. Trace C shows the comparator's 
decisions. 
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HP5082-2810 
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0.1V/DIV 

20 nSEC/DIV 
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1V/DIV 
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C 

5V/DIV 

20 nSEC/DIV 


Fig 3—You can solve comparator gain problems by using a simple preamplifier circuit (a). Although this is a fairly simple circuit, you can 
realize conversion times in the 3- to 5-\Lsec range (b) by using it in place of the LTlOll comparator. 
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Fig 4—To minimize conversion times even further, you can use high-frequency transistors to design a faster preamplifier (a). A look at 
the circuit's operating waveforms (b) shows that the circuit output (trace B) switches in 15 to 20 nsec. 
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To increase conversion speed, you must place 
a plain stapfe before the comparator. 


To switch a full TTL-output level with l^LSB over- 
drive (1.22 mV), the comparator must have a minimum 
gain as follows: 

5V-1.22 mV=4098. 

Given this gain requirement, the comparator clearly 
requires assistance. In addition, the shunt resistor at 
the D/A-converter output reduces the input signal, 
making the conversion task more difficult. Finally, 
comparator speed will suffer with such a low-level 
overdrive. 


You can solve the gain problem by placing a gain 
stage in front of the comparator. Although this scheme 
adds delay, it provides the needed overdrive for the 
comparator. 

Fig 3a shows a simple preamplifier circuit. The 
preamp-comparator combination provides adequate 
gain (typically 4 to 10) and an overall response time of 
40 to 50 nsec. ICi is configured as an amplifier bounded 
by Schottky-diode clamps. The diodes improve re¬ 
sponse time by keeping ICi out of saturation when 
summing-point overdrive is excessive. The 10-pF ca- 


Specifying the D/A converter 


In choosing a D/A converter for 
use in SAR-based A/D-conver- 
sion applications, you should re¬ 
member that speed is often im¬ 
portant and that the D/A 
converter is the slowest part of 
the A/D converter. The selection 
process therefore requires care¬ 
ful consideration. 

Given the high speed inherent 
in bipolar current-mode D/A 
converters, such devices are 
popular. You still have to specify 
carefully, however. The output 
capacitance of CMOS D/A con¬ 
verters—^in the 100- to 150-pF 
range—can excessively extend 
summing-node settling times. Of 
course, monolithic bipolar D/A 
converters, whose output capaci¬ 
tance is about 30 pF, settle fast¬ 
er. Voltage-mode D/A convert¬ 
ers, on the other hand, are 
unpopular candidates for SAR 
applications. They aren’t re¬ 
quired to achieve summing ac¬ 
tion, and they are substantially 
slower than current-output 
types. 

Extrapolate settling time 

Settling-time specs for D/A 
converters are usually quoted 


for full-scale transitions. Smaller 
bit changes take less time, so 
you can extrapolate from full- 
scale settling time when you 
consider the D/A converter’s ef¬ 
fective settling time per bit in an 
A/D-conversion application. Un¬ 
fortunately, the complex internal 
dynamics of a D/A converter 
rules out simple straight-line cal¬ 
culations; 1 LSB will not settle 
in Via of full-scale time in a 
12-bit unit. 

For moderate speeds, you can 
assume that each bit transition 
will require the full-scale set¬ 
tling time. This conservative ap¬ 
proach will never get you into 
trouble, but it will almost cer¬ 
tainly guarantee slower-than- 
necessary D/A-converter perfor¬ 
mance. The best way to find out 
just how far you can push the 
D/A converter’s settling-time 
specs in an SAR application is to 
consult the manufacturer. You 
can also measure the settling 
time under conditions that re¬ 
flect the application environ¬ 
ment. (For circuits that you can 
readily adapt to measure D/A- 
converter settling time, see 
“Settling-time measurements de¬ 


mand precise test circuitry,” 
EDN, November 15, 1984, pg 
307.) 

Considering the variety of 
D/A converters available, each 
with individual termination re¬ 
quirements, measurement re¬ 
sults will vary considerably. In 
addition, the dynamics of D/A- 
converter types can vary sub¬ 
stantially among manufacturers. 
It is possible, however, to pro¬ 
vide some guidelines on what to 
expect. For example, the popu¬ 
lar 565A, with a full-scale set¬ 
tling time of 250 nsec into OD, 
can achieve a per-bit effective 
settling time of 110 to 150 nsec 
with careful design techniques. 

Speed is not the only concern. 
A D/A converter’s dc specifica¬ 
tions translate directly into A/D- 
converter error terms. Lineari¬ 
ty, drift, accuracy, and other dc 
terms contribute on a 1:1 basis 
to the converter’s error charac¬ 
teristics. Monotonicity contrib¬ 
utes as well. In a worst-case sit¬ 
uation, a nonmonotonic D/A 
converter will cause an A/D con¬ 
verter to miss some output 
codes under certain input 
conditions. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

200 nSEC/DIV 
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10V/DIV 

200 nSEC/DIV 
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10V/DIV 

200 nSEC/DIV 
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200mV/DIV 
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(b) 
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10V/DIV 

100 nSEC/DIV 

B 

20V/DIV 

100 nSEC/DIV 

C 

50 mV/DIV 

100 nSEC/DIV 


Fig 5 — Primary speed-enhancing features in this 12-bit SAR converter (a) include a closed-loop clock-control scheme and active 
summing-node clamping. Using a closed-loop clocking scheme, the circuit achieves a 1.9-[Lsec conversion time (h). When you include the 
active summing-node clamp circuitry (the shaded portion of a), circuit conversion time is 1.8 \xsec (c). 
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By combining! closed-loop clock control with 
cictive summin^-node clampinpf, you can 
enhance conversion speeds. 


pacitor (a typical value in this case) compensates for the 
D/A converter’s output capacitance. The capacitance 
value is application dependent, so you should use a 
value that provides the best amplifier damping. The 
feedback resistor (10 kfl in this example) is selected for 
best gain-bandwidth performance. 

As Fig 3b shows, a test input pulse (trace A) causes 
ICi’s output to slew through OV (trace B), developing a 
negative bias level at IC2’s input. After a 10-nsec delay, 
IC2 generates a clean TTL output (trace C). 

Despite its simplicity, this circuit can significantly 
improve comparison speed. Use it in place of the 
LTlOll in Fig 2a, and you can realize conversion times 
in the 3- to 5-|jLsec range. If these conversion times are 
still too slow, you can use high-frequency transistors (at 
the GHz level) and design a faster discrete preamplifier 
(Fig 4a) to drive the LT1016 comparator. 

In this cascoded differential amplifier, Q4 and Q5 
provide bias-current compensation for Qi’s base cur¬ 
rent. Fig 4b illustrates how the circuit performs when 
you apply a test input signal (trace A). As shown, the 
LTlOlG’s output (trace B) switches in 15 to 20 nsec. The 
LT1016 causes about 10 nsec of this delay; the preamp 
contributes the rest. 

Preamplify for better speed 

You can put this discrete preamplifier to good use in a 
high-speed 12-bit SAR converter (Fig 5a). Closed-loop 
clock control and active summing-node clamping are the 
primary speed-enhancing features. This circuit will 
perform a full 12-bit conversion in 1.8 p^sec—about the 
practical limit with off-the-shelf components. 

Conceptually, this circuit is similar to that in Fig 2a. 
However, the high-speed discrete preamplifier replaces 
the LTlOll, and digital logic controls the clock speed. 
In this instance, the clock rate accelerates after conver¬ 
sion of the fifth MSB. During conversion of the upper 
four bits, a closed loop controls the clock rate to 
maximize overall speed. 

The closed loop monitors conditions at the compara- 
tor-D/A-converter summing node. If the summing-node 
voltage excursion is greater than ±50 mV, the SAR 
operates at the maximum clock rate. If the excursion at 
the node is less than ±50 mV, the loop retards the clock 
rate to provide adequate settling time. The clock loop 
enhances conversion-time performance by not waiting 
for the bits that won’t settle within ±50 mV. IC2 and 
IC 3 form a high-speed window comparator that provides 
digital summing-node information to the clock logic. 

Fig 5b details the performance of the closed-loop 
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clocking scheme (the circuit in Fig 5a minus the shaded 
portion). Trace A is the convert command, and trace B 
shows the gated output of the IC 2 -IC 3 window compara¬ 
tor. The comparator’s output state controls the clock 
line (trace C). Trace D depicts summing-point activity. 
The window comparator’s decision controls the per-bit 
dwell time. After the fifth bit, the SAR’s ^ line 
instructs the clock logic to run at maximum speed. 
Under these conditions, the circuit achieves a 1.9-(xsec 
conversion time. 

Converting still faster 

To achieve the previously mentioned 1.8-(xsec conver¬ 
sion time, include the 74121 one-shot and associated 
circuitry (the shaded portion of Fig 5a). These compo¬ 
nents form an active clamp at the comparator-D/A- 
converter summing node. Each time the SAR receives 
a clock pulse (trace A in Fig 5c), the 74121 generates a 
30-nsec pulse (trace B). This pulse turns on the FET 
and shunts the summing node (trace C) to ground. The 
FET’s low on-resistance discharges the D/A convert¬ 
er’s 30-pF output capacitance for 30 nsec to reduce the 
converter’s settling time. Each SAR-conversion step 
resets the summing node to 0. When the one-shot 
changes state, the node settles to its final value. This 
active clamping technique provides about a 10-nsec/bit 
savings in conversion time. 

The 1.8-|jLsec conversion time provided by the circuit 
in Fig 5a approaches the practical limit for a 12-bit SAR 
converter. The effective D/A-converter settling time is 
about 100 nsec/bit. Comparator/preamp delay is about 
20 nsec/bit, and SAR chip delays are about 25 nsec/bit. 

EDN 
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Composite amplifiers 
yield high speed 
and low offset 


You can find an op-amp technology that 
excels in any one performance area, but 
today’s applications often demand high per¬ 
formance in several areas. You must there¬ 
fore employ some ingenious circuit-design 
techniques to circumvent the limitations. 


Jim Williams, Linear Technology Corp 

Amplifier design is a study in compromise: A single 
device can't achieve optimal speed, drift, bias-current, 
noise, and output-power specs. Various families empha¬ 
sizing one or more of these areas have evolved, but you 
might find that your application requires performance 
figures that can only be obtained with dedicated de¬ 
signs. If a single device can’t provide the desired 
characteristics (high speed and dc precision, for exam¬ 
ple), you can configure a composite amplifier to do the 
job. Composite designs combine the best features of 
two or more amplifiers to achieve a level of performance 
unobtainable in a single device. 

Fig 1 shows a composite amplifier made up of an 
LT1012 low-drift device and an LT1022 high-speed 
device. The overall circuit is a unity-gain inverter 
whose summing node is located at the junction of the 
three 10-kfl resistors. The LT1012 monitors this sum¬ 
ming node, compares it to ground, and drives the 



Fig 1—This composite circuit combines low-drift and high-gain 
devices to form a unity-gain inverter. The LT1022 handles high- 
frequency inputs, while the LT1012 stabilizes the dc operating 
point. 


LT1022’s positive input, completing a dc-stabilizing loop 
around the LT1022. The lO-kn/300-pF network allows 
the LT1012 to respond only to low-frequency signals; 
the LT1022 handles high-frequency inputs while the 
LT1012 stabilizes the dc operating point. 

The 4.7-kfi/220n divider at the noninverting input of 
the LT1022 prevents excessive input overdrive during 
start-up. The circuit’s performance combines the 
LT1012’s 35-|jlV offset and 1.5V/°C drift with the 
LT1022’s 23V/|xsec slew rate and 300-kHz full-power 
bandwidth. The bias current is approximately 100 pA. 

Fig 2’s circuit is similar to Fig I’s, but the former 
employs discrete FETs to more than triple the speed. 
In the circuit, ICi’s inputs are tied to the negative rail, 
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thereby turning ICi's input stage off. The differentially 
connected FETs bias the second stage via IC/s offset 
pins. This connection replaces ICi’s input stage, reduc¬ 
ing bias current and increasing speed. 

FET mismatch would normally result in excessive 
offset and drift, but IC 2 corrects this problem by 
monitoring the summing point (the junction of the two 
4.7-kn resistors) and forcing Q 2 ^s gate to eliminate the 
overall offset. The lO-kfi/lOOO-pF network inhibits IC 2 's 
response to low frequencies, and the l-kfl divider chain 
prevents overdrive to Q 2 on start-up. The l-kfl/lO-pF 
damper network at the summing node helps ensure 
high-frequency stability. Fig 2b shows the pulse re¬ 
sponse; trace A is the input, and trace B is the output. 

The slew rate exceeds 100V/|jLsec with clean damping. 
The full-power bandwidth is about 1 MHz, and the 
input bias current is approximately 100 pA. DC offset 
and drift specs are similar to those of the Fig 1 circuit. 

Unity-gain buffer for high impedance 

Fig 3 shows a highly stable unity-gain buffer with 
good speed and high input impedance. Qi and Q 2 consti¬ 
tute a simple high-speed FET-input buffer. Qi functions 
as a source follower, with the Q 2 current-source load 
setting the drain-source channel current. The LTlOlO 
buffer can drive cables or other loads. 

Normally, this open-loop configuration would be 
quite drifty because of the lack of dc feedback. The 
LTC1052 contributes the needed stability by comparing 
the filtered circuit output with a similarly filtered 
version of the input signal. The amplified difference 
between these signals sets Q 2 ^s bias and hence Q/s 
channel current, which in turn forces Q/s Vgs to the 
level required to match the circuit's input and output 
potentials. The 2000-pF capacitor at ICi provides stable 
loop compensation. The RC network at IC/s output 
prevents that output from seeing high-speed edges 
coupled through Q 2 's collector-base junction. IC 2 's out¬ 
put is also fed back to the shield around Q/s gate lead, 
bootstrapping the circuit's effective input capacitance 
down to less than 1 pF. 

The LTlOlO's 15-MHz bandwidth and lOOV/jJtsec slew 
rate, combined with its 150-mA output capability, en¬ 
sure that the circuit in Fig 3a is fast enough for most 
applications. For applications requiring very fast per¬ 
formance, the alternate discrete-component buffer in 
Fig 3b should prove useful. Although its output is 
current-limited at 75 mA, the gigahertz-range transis¬ 
tors that the buffer employs provide an exceptionally 
wide bandwidth, fast slewing, and very little delay. Fig 


3c shows the LTC1052-stabilized buffer circuit's re¬ 
sponse using the discrete stage: The response is clean 
and quick; the delay is less than 4 nsec; the slew rate 
exceeds 2000V/|xsec; and the full-power bandwidth ap¬ 
proaches 50 MHz. Note in Fig 3c that the rise time is 
limited by the pulse generator, not by the circuit. The 
offset, with or without the discrete-component stage, is 
set at 5 |jlV by the LTC1052; the gain is about 0.95. 

This last spec points out a factor that could lead to 
potential difficulty with the Fig 3 circuits: The gain is 
not quite unity. The circuit in Fig 4 maintains a high 
speed and low bias current while achieving a true 
unity-gain transfer function. 


-1 

4.7k 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 nSEC/DIV 

B 

5V/DIV 

100 nSEC/DIV 



Fig 2— Otherwise similar to the Fig 1 circuity this composite 
amplifier (a) employs discrete FETs to achieve a threefold speed 
improvement. The scope photo (h) illustrates the circuit's pulse 
response. 
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The use of discrete FETs can effect a three¬ 
fold improvement in a composite amplifier’s 
speed. 


In Fig 4’s circuit, IC 2 provides dc stability for the I/O 
path, and ICi provides drive capability. Feedback is to 
Q 2 's emitter from ICi's output. The l-kfl adjustment 
allows precise setting of the gain to unity. With the 
LTlOlO serving as the final output stage, the slew rate 
is lOOV/fxsec and the full-power bandwidth (IV p-p) is 
10 MHz. The -3-dB bandwidth exceeds 35 MHz. For a 
gain of A=10 (that is, when the 1-kO variable resistor is 
set at 500), the full-power bandwidth remains at 10 
MHz, but the -3-dB bandwidth falls to 22 MHz. 

If you include the optional discrete stage, the slew 
rate exceeds lOOOV/fxsec, the full-power bandwidth 
extends to 18 MHz, and the -3-dB bandwidth reaches 
58 MHz. For A=10, full power is available to 10 MHz; 
the -3-dB point becomes 36 MHz. In Fig 4c, traces A 


and B show the input and output without the discrete 
stage; traces C and D show the input and output with 
the discrete stage. With or without the discrete stage, 
the circuit should be more than adequate for driving 
video cables or data converters; the LT1012 maintains 
dc stability under all conditions. 

Fast amplifier delivers IV p-p 
Fig 5 shows another dc-stabilized fast amplifier that 
functions over a wide range of gains (typically from 1 to 
10). It combines the LTlOlO and a fast discrete stage 
within LT1008-based stabilizing loop. Qi and Q 2 form a 
differential stage that provides a single-ended input 
into the LTlOlO. The circuit delivers IV p-p into a 
typical 75n video load. At A=2, the gain is within 0.5 



(c) 



Fig 5 —A FET input stage ensures high input impedance for this not-quite-unity-gain buffer (a). The LTC1052 contributes stability. A 
discrete-component output stage (h) increases the circuit’s already impressive speed. The response is clean and quick (c). 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

0.2V/DIV 

10 nSEC/DIV 

B 

0.2V/DIV 

10 nSEC/DIV 

C 

0.2V/DIV 

10 nSEC/DIV 

D 

0.2V/DIV 

10 nSEC/DIV 


Fig 4—This circuit (a) is somewhat similar to Fig 3's, hut it has the additional advantage of achieving a true unity-gain transfer function. 
The optional discrete stage (b) extends the full-power bandu/idth from 10 to 18 MHz. In the scope photos (c), traces A and B show the input and 
output without the discrete stage; traces C and D show the input and output with the discrete stage. 
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dB to 10 MHz; the -3-dB point occurs at 8 MHz. You 
should optimize the peaking adjustment under loaded 
output conditions. 

Normally, the Q1-Q2 pair would be quite drifty, but 
the LT1008 provides the necessary correction. The 
correction stage in Fig 5 is similar to the ones in the 
circuits of Figs 3 and 4, except that Fig 5’s version 
takes the feedback from a divided-down sample of the 
fast amplifier. You should set the divider's ratio to the 
same value as the circuit's open-loop gain. The frequen¬ 
cy roll-off of this stage is set by the l-Mfl/0.22-|jLF 
filters in the LT1008's input lines. The 0.22-|xF capaci¬ 
tor at the amplifier eliminates oscillations. The dc servo 
loop controls drift by biasing the dc operating point of 
Q2 ’s collector to force zero error between the LT1008's 
inputs. 

The Fig 5 circuit is a simple stage for fast applica¬ 
tions requiring relatively low output swings. Its IV p-p 
output works nicely for video circuits. A possible prob¬ 
lem is the relatively high bias current—typically 10 |xA. 
You need more circuitry to provide additional output 
swing. 

Trade speed for output swing 

The circuit shown in Fig 6 is an attempt to remedy 
this situation. It trades speed for output swing and 
reduced bias current. As in the circuit just discussed, a 
separate loop maintains dc stability. Fig 6's circuit is a 
good example of an approach made practical by compos¬ 
ite techniques; without the separate stabilizing loop, 
the dc imbalances in the signal path would preclude any 
level of operation. 

The Fig 6 circuit adds a pnp level-shifting stage (Q4) 
to the Fig 5 circuit to increase available skewing at the 
LTlOlO output. This improvement comes at the expense 
of available bandwidth and amplifier stability. The 
33-pF capacitor from Q/s collector to the circuit's 
summing node (Qs's gate) affords stable loop compensa¬ 
tion. Qs, a FET source-follower, eliminates the bias- 
current errors present in Fig 5’s circuit by buffering 
the summing point from the relatively high bias current 
that Q2 requires. 

DC loop cuts offset 

Normally, such a configuration would cause several 
volts of offset because of Qs’s gate-source voltage, but 
here ICi closes a dc restoration loop, forcing Qi's base to 
whatever point is required to compensate the offset. 
Consequently, ICi's operation not only provides dc 
error but helps form a simple approach to minimizing 


Om composite amplifier's 1V p-p output 
works nicely for video circuits; providinp; 
additional output swin^ requires more 
circuitry. 



Fig 5—A discrete differential input stage that drives a single-ended 
LTlOlO combines with an LTlOOS-hased dc stabilizing loop to yield a 
fast amplifier that functions over a wide range of gains. 


summing-point bias current. Fig 6b shows the operat¬ 
ing waveforms for a lOV output (traces A and B are the 
input and output, respectively). The slew rate is about 
100V/|xsec, and the full-power bandwidth is 1 MHz. The 
LTlOlO can furnish 100-mA outputs, making high¬ 
speed cable driving possible. 

Circuit uses current-mode feedback 

Fig 7 shows another fast stage with a wide output 
swing. The circuit is a noninverting one and has a 
higher input impedance than Fig 6’s circuit. In addi¬ 
tion, its operation employs an arrangement commonly 
called “current-mode feedback." This technique, well 
established in RF design and also employed in some 
monolithic instrumentation amplifiers, allows the cir¬ 
cuit to maintain a fixed bandwidth over a wide range of 
closed-loop gain. The technique contrasts with normal 
feedback schemes, in which the bandwidth degrades as 
the closed-loop gain increases. 

The overall amplifier comprises two LTlOlO buffers 
and a gain stage (Qi and Q2). IC3 acts as a dc restoration 
loop. The 33fl resistors sense ICi's operating current 
and bias Qi and Q2. These transistors in turn furnish 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 nSEC/DIV 

B 

5V/DIV 

100 nSEC/DIV 


Fig 6—This circuit (a) offers wide output swing and low bias current, but it sacrifices speed. The photo (h) shows the response (trace B) to a 
pulse input (trace A). 
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complementary voltage gain to IC 2 , which provides the 
circuit's output. The feedback is from IC 2 's output to 
ICi's output, which is a low-impedance point. 

Skewing ensures adequate loop capture 

ICs's stabilizing loop compensates large offsets in the 
signal path, which are dominated by a mismatch in Qi 
and Q 2 . Qs shunts Q 2 's base bias resistor to correct for 
these offsets. Deliberate skewing of Q/s operating 
point by the 330n resistor ensures an adequate loop 
capture range. The 9-kn/l-kn divider network that 
provides feedback to IC3 determines the gain ratio of 
the circuit—in this case 10. 

The feedback scheme makes IC/s output look like the 
negative input of the amplifier, with the closed-loop 


A current-mode feedback arrangement al¬ 
lows a circuit to maintain a fixed band¬ 
width over a wide range of closed-loop gain. 


gain set by the ratio of the 470n and 51D resistors. The 
outstanding feature of this connection is that band¬ 
width becomes relatively independent of closed-loop 
gain over a reasonable range. For this circuit, the 
full-power bandwidth remains at 1 MHz for gains 
ranging from 1 to about 20. The loop is quite stable, and 
the 15-pF value at IC 2 ^s input provides good damping 
over a wide range of gains. The LTlOlO buffers limit 
bandwidth in this circuit. 

Discrete stage eliminates IC buffers 
In the Fig 8 circuit, discrete stages replace the 
LTlOlOs to provide a dramatic speed improvement. 
Although this arrangement is substantially more com¬ 
plex, it realizes an amplifier of extraordinarily wide 



Fig 7—This noninverting amplifier circuit employs current-mode feedback, which allows it to offer a 1-MHz full-power bandwidth for gains 
ranging from 1 to about 20. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

4V/DIV 

lOnSEC/DIV 

B 

4V/DIV 

10 nSEC/DIV 


Fig 8 — Discrete transistors replace the LTlOlO buffers in this variation (a) of the circuit shown in Fig 7. In response to a pulse input, a ±12V 
pulse output exhibits only about 6 nsec of delay (b). 
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Improvement in speed and offset specs con¬ 
stitutes the most common reason for em¬ 
ploying composite techniques, but circuits 
excellinp! in other areas are also possible. 


bandwidth. This composite design comprises three 
amplifiers: the discrete wideband stage, a quiescent 
current-control amplifier, and an offset servo. Qi 
through Q 4 replace Fig 7’s ICi, although a complemen¬ 
tary voltage gain is taken at the collectors of Q 3 and Q 4 . 
Q 5 and Qe provide additional gain, as do Qi and Q 2 in Fig 
7’s circuit. Q? through Qio form the output-buffer stage. 

The feedback scheme is identical to Fig 7’s, with 
summing action occurring at the Q3-Q4 emitter connec¬ 
tion. To obtain the maximum bandwidth, the circuit 
must maintain a high quiescent current. Without 
closed-loop control, the circuit would quickly go into 
thermal runaway and destroy itself. ICu provides the 
required servo control of the quiescent current by 
sampling a resistively divided version of the voltage 
across Qs’s emitter resistor and comparing it to a 
reference derived from the power supply. ICia’s output 
biases Q4, completing a loop that forces fixed current 


through Q5. This action effectively controls overall qui¬ 
escent current in the discrete stage. 

Simultaneously, ICib corrects for offset by forcing 
base to equalize the dc input and output values at 
the discrete stage. Because the closed-loop gain is set at 
10 (by the 47011 and 5111 resistors), ICib samples the 
output via the 10:1 divider. Both ICia and ICib have 
local roll-off, attenuating their response to high fre¬ 
quencies. Casual consideration of ICia’s and ICib^s oper¬ 
ation might raise concern about interaction, but de¬ 
tailed analysis shows that the offset and 
quiescent-current loops do not influence each otheFs 
operation. 

-3-dB bandwidth extends beyond 110 MHz 

When this circuit is constructed using high-frequency 
layout techniques and a ground plane, the performance 
is quite impressive. For gains ranging from 1 to 20, the 



Fig 9—Composite amplifiers aren^t limited to combinations of low-offset and high-speed stages. This circuit (a) offers low noise performance 
(b) as well as low drift. 
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Tou can build a circuit that uses a compos¬ 
ite of paralleled buffers to create a simple 
hi^h-current sta^e. 


full-power bandwidth remains at 25 MHz, and the 
-3-dB point extends beyond 110 MHz. The slew rate 
exceeds 3000V/|xsec. The use of RF transistors can 
improve these specs, although the transistors shown 
are inexpensive. Fig 8b shows the circuit's ±12V output 
(trace B) in response to a pulse input (trace A) for a 
circuit gain of 10. The delay is about 6 nsec; the rise 
time is limited by the input pulse generator. The 10-pF 
trimmer at the Qs-Qe connection optimizes damping. 

To use this circuit, adjust the Iq level to 80 mA 
immediately after turn-on. Next, set ICib^s input resis¬ 
tor divider to a ratio appropriate to the closed-loop 
circuit gain. Finally, adjust the 10-pF trimmer for the 
best response. Note that, in the interest of achieving 
high speeds, this circuit has no output protection. 

Composites cut drift and noise 

Although improvement in speed and offset specs 
constitutes the most common reason for employing 
composite techniques, you can also build composite 


circuits that excel in other areas. For example. Fig 9 
shows a combination of a low-drift chopper-stabilized 
amplifier and an ultralow-noise bipolar amplifier. In the 
circuit, the LTC1052 measures the dc error at the 
LT1028's input terminals and biases its offset pins to 
force the offset to a few microvolts. The IN758 zener 
diodes allow the LTC1052 to function from ±15V rails. 
The offset-pin biasing at the LT1028 is arranged so that 
the LTC1052 will always be able to find a servo point. 
The 0.01-|xF capacitor rolls off the LTC1052 at a low 
frequency, and the LT1028 handles the high-frequency 
signals. The combined characteristics of the amplifiers 
yield the following performance: 

• Offset voltage=5 pV max 

• Offset drift=50 nV/^’C max 

• Noise=l.l nV/Vlfe max. 

Fig 9b plots the noise amplitude over time within a 0.1- 
to 10-Hz bandwidth. 

Fig 10 uses multiple LT1028 low-noise amplifiers to 
implement a statistical noise-reduction technique. The 



Fig 10—This multiple-amplifier design makes use of a statistical technique to reduce noise. The decrease in noise is proportional to the 
where N is the number of devices in parallel. 
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Famllel connection mi^ht require some in¬ 
creased attention to heat sinking. 



Fig 11—Paralleled LTlOlO buffers create a simple high-current 
stage. You can parallel any number of LT 1010s as long as you take 
into account the increased dissipation within individual units that 
results from mismatches in output resistance and offset voltage. 


circuit is based on the fact that noise changes in inverse 
proportion to the VN, where N is the number of 
devices in parallel. For example, for nine amplifiers in 
parallel, the noise would decrease by a factor of three, 
to about 0.33 nV/VHz at 1 kHz. A potential difficulty is 
that, with such a configuration, the input-current noise 
increases with VN. 

Paralleled buffers increase drive 

A final circuit, shown in Fig 11, uses a composite of 
paralleled LTlOlO buffers to create a simple, high- 
current stage. Parallel operation provides reduced out¬ 
put impedance, more drive capability, and improved 
frequency response under load. You can directly paral¬ 
lel any number of LTlOlOs as long as you take into 
account the increased dissipation in individual units 
caused by mismatches of output resistance and offset 
voltage. 

When the inputs and outputs of two buffers are 
connected together, a current (AIqut) flows between the 
outputs: 


AloUT — 


VqSI ~ VqS2 
RoUTI + RoUT2^ 


where Vos and Rout are the offset voltages and output 
resistances of the respective buffers. 

Normally, the negative supply current of one unit 
will increase and that of the other unit will decrease, 
with the positive supply current staying the same. You 
may assume that the worst-case increase in standby 
dissipation (that is, when Vin approaches V^) is 
AIoutVt, where Vt is the total supply voltage. 

The offset voltage for LTlOlOs is specified for the 
worst case over a range of supply voltages, input 
voltage, and temperature. It would be unrealistic to use 
these worst-case numbers for the Fig 11 circuit, be¬ 
cause the paralleled units are operating under identical 
conditions. The offset voltage specified for Vs=±15V, 
ViN=0V, and Ta= 25°C will suffice for a worst-case 
condition. 

Use 25°C for worst-case calculations 

The circuit divides the output load current according 
to the output resistance of the individual buffers. 
Therefore, the available output current will not quite 
be doubled unless the output resistances are matched. 
As for the offset voltage above, you should use the 25°C 
limits for worst-case calculations. Parallel operation is 
not thermally unstable. Should one unit get hotter than 
its mates, its share of the output and its standby 
dissipation will decrease. 

As a practical matter, parallel connection requires 
only some increased attention to heat sinking. In some 
applications, a few ohms of equalization resistance in 
each output might be wise. Only the most demanding 
applications require matching, and then just of output 
resistance at 25°C. EDN 
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Jim W il liams: 
Circuits as art 

Deborah Asbrand, Associate Editor 


After spending years on the design 
of a particular group of circuits, 
analog-circuit designer Jim Wil¬ 
liams sat down at his laboratory 
bench only to discover that the sys¬ 
tem didn’t work. Months of refine¬ 
ment still could not get the circuits 
to do their intended job, which was 
to measure the small amounts of 
heat produced in a biochemical reac¬ 
tion. After yet another application 
of the soldering iron, a trace on the 
oscilloscope began to oscillate very 
slowly and then settled to a dc 
value. The circuits were working. 

‘T went crazy, running down the 
hall and out onto the grass,” remem¬ 
bers Williams, who was then teach¬ 
ing and conducting research at MIT. 
“I ran into Walker dining hall and I 
yelled, ‘It worked!’ I had a one-man 
celebration and ran all over the 
campus.” 

Williams’s enthusiasm that day is 
typical of the zeal that has marked 
his successful if unorthodox career 
in electronic engineering. Although 
his only college education consisted 
of the year and a half he spent 
studying psychology at Wayne 
State University, he began teaching 
electronic circuitry at MIT at the 
age of 20. Since then, he has devoted 
himself to analog-circuit design. In 
recent years, his career has taken a 
new turn; Now working for Linear 
Technology (Milpitas, CA), he 
spends a good portion of his time 
writing analog-circuit applications 
articles for electronics trade maga¬ 
zines. 

EDN February 5, 1987 


Williams’s approach to his work is 
equally unconventional. For him, 
designing circuits is not work at all, 
but an artistic endeavor that is— 
above all—fun. The circuit-as-art 
theme is evident in Williams’s office, 
where mounted on the wall behind 
his desk is a colorful painting of a 
high-voltage amplifier circuit. Six 
circuit boards from the Minuteman 
missile-guidance system sit on top 
of his desk, creating a rainbow with 
their colorful protective coatings. 
Also on his desk is a package ad¬ 
dressed to “Dr Jim Williams,” the 
sender unaware of Williams’s brief 
student career. 


In fact, aside from the 10 years he 
spent as an instructor at MIT, the 
most fertile educational ground for 
Williams proved to be television- 
repair shops. Growing up in De¬ 
troit, he rummaged through the 
dumpsters behind repair shops, 
plucking out discarded circuit 
boards and lugging them home to 
pull apart. At 14, he got a job re¬ 
pairing televisions. And in 1968, 
when he decided to drop out of 
college and move to Cambridge, 
MA, to be closer to MIT’s technical 
community, he supported himself 
by working as a TV repairman. 

When Williams arrived in Cam¬ 
bridge at the age of 20, he had no 
classroom training in engineering. 
In fact, he had developed an acute 
aversion to the rigid structure found, 
in most classrooms. But he did like 
to learn, and he brought to Cam¬ 
bridge a wealth of knowledge culled 
from years of dissecting shortwave 
radios, fans, and heaters: years of 
“bumbling around circuits,” as he 
calls it. He started hanging around 
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the MIT campus and eventually met 
a professor who got him a job as a 
technician in a campus laboratory. 

A pivotal friendship 

Among the bonds he established 
early during the MIT years was his 
friendship with the late Jerrold 
Zacharias, a professor emeritus of 
physics and an internationally rec¬ 
ognized nuclear physicist. Leader of 
the engineering division of the Man¬ 
hattan Project, Zacharias had 
taught at MIT for 30 years. His 
research on the radio-frequency 
spectra of atoms led to the develop¬ 
ment of the first atomic clock. 

Believing that the conventional 
education system discriminated 
against individuals who didn't fit 
within its narrow confines, Zachari¬ 
as actively worked for educational 
reform. He was instrumental in the 
formation of the Physical Sciences 
Study Committee, a group whose 
revamped curriculum for teaching 
high-school physics is now widely 
used. 

Learning through teaching 

After being introduced, Williams 
and Zacharias talked at length and 
often ''about everything from Archi¬ 


medes to art to physics to biochem¬ 
istry to education to circuits," Wil¬ 
liams says. "One day he said to me, 
'If you don't like to learn [in a class¬ 
room], maybe you'd like to teach.' 
Zacharias said the best way to learn 
is to teach.” 

With Zacharias's support, Wil¬ 
liams began teaching electronic cir¬ 
cuitry to MIT students, and he 
thrived on teaching to others what 
he had learned on his own. In fact, 
classroom learning took on a new 
look for him. "I loved it. In that role, 
I enjoyed going to school,” he says. 


"For tests. I'd give students prob¬ 
lems to work on and tell them they 
could talk to me or to other people in 
class or they could use the library. A 
final exam was three or four weeks 
long. 

"I wasn't interested in whether 
they got the right answer—I was 
interested in how they approached 
the problem, how they perceived it, 
and how they pursued it. I thought 
that was more useful intellectually. 


I'm sure Einstein was able to look 
up anything in the library when he 
was pursuing the theory of rela¬ 
tivity.” 

Analog’s allure 

Comfortable in the academically 
open atmosphere at MIT, Williams 
continued to teach there for the next 
nine years. And his love of analog- 
circuit design grew steadily 
throughout that period. In spite of 
the phenomenal growth in digital 
design at that time, he remained 
fascinated by the intricacies of lin¬ 


ear circuits. "Digital didn't seem to 
have any charm or poetry,” he says. 
"I could see where it would be chal¬ 
lenging and difficult, but it always 
seemed that analog design was 
much prettier.” 

Indeed, linear design's great ap¬ 
peal for Williams is aesthetic, and 
his conviction that designing is an 
art goes far beyond decorating his 
office with circuit boards. "I don't 
see any difference between a bread¬ 
board and a sculpture, and I never 
have. A circuit is a piece of sculp¬ 
ture because it's got a physical form 
—colors, shapes, lines—soul and 
emotion,” 

Williams looks at circuit designs 
much the same way some people 
approach a painting or a sculpture. 
"You look at it and wonder why did 
the designer decide to do it that 
way, what is his history, who did he 
work with? What are the hidden 
motivators? I can look at a circuit 
and know 'That's Paul Brokaw of 
Analog Devices."' 

An aficionado of the visual arts, 
Williams includes among his favor¬ 
ite artists sculptor Alexander Cal- 
der, known for his deft juggling of 
form and space, and painter Joan 
Miro, a modernist whose paintings 
are noted for their humor and gaie¬ 
ty. Williams's designs express a 


“Digital didn^t seem to have any charm or poetry. I could 
see where it would be challenging and difficult, but it 
always seemed that analog design was much prettier.” 
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combination of those qualities: 
Working in the three-dimensional 
medium of circuit design, he is more 
artist than engineer, yet despite his 
obvious zeal for his work, he main¬ 
tains a lightness and irreverence 
about what he does, interspersing 
his artistic analogies with confes¬ 
sions that his job is mostly “horsing 
around.” 

While working on a particular 
project, Williams focuses all his en¬ 
ergy on the design itself. “Things 
that are completely disparate re¬ 
mind me of a piece of the circuit,” he 
says. “The way food is arranged on 
a plate, for example. If you go to 
hear the symphony, you hear the 
way the horns and the strings blend 
together, and you think, That’s the 
way the base and emitter current 
come together.’ You’re lovesick for 
the circuit.” 

So personal an expression are 
Williams’s circuits to him that they 
form a picture book of his life. Look¬ 
ing at one of his designs, he can 
intuit what was happening in his life 
at the time. “During the times when 
I was happiest emotionally, the cir¬ 
cuits are simple, minimal, direct, 
more closely approaching elegance. 
At times when I was less happy, 


there is a lot of clutter.” 

Technological intrusions into the 
analog artist’s world don’t faze Wil¬ 
liams. Despite the innovations of 
analog CAE techniques, linear cir¬ 
cuits remain best designed first on 
paper and then manually on a bread¬ 
board, he says. “Much of the ulti¬ 
mate achievable perfection is de¬ 
fined by the imperfection of the 
components and the skills of the 
designer in getting around that.” 
He happily remains “virtually digi¬ 
tally illiterate. I’ve never pro¬ 


grammed a computer or designed a 
digital circuit. I can’t give you the 
truth tables for simple logic gates.” 

As for his analog-design skills, he 
says they reflect “lots of enthusiasm 
and not too much formality.” An 
abundance of impatience makes him 
“more likely to try something than 
to think about it,” he says. “I iterate 
rather than create. I’ve seen people 
who can pull elegantly simple ideas 
out of their heads, but I have to 


slosh through the mud to get where 
I’m going.” 

By his own definition, his analog 
chauvinism precludes his presence 
among the elite designers. “The 
best circuit designers I’ve seen are 
generalists .... They don’t view 
themselves as analog designers or 
digital designers. They look at 
themselves as working within the 
whole spectrum of design and they 
use whatever tool is required.” 

At age 38, Williams has already 
achieved a goal that is high on many 


people’s lists: He is doing what he 
loves to do. He became an indepen¬ 
dent consultant after leaving MIT in 
1978, and then worked as a linear 
designer for National Semiconduc¬ 
tor. In 1981, he became a staff scien¬ 
tist at Linear Technology; it’s the 
company’s highest ranking title for 
nonmanagers. 

At Linear Technology, Williams 
spends one half of his time on appli¬ 
cations designs and the other half 
writing articles on analog design. 
The decision to devote such a large 
chunk of his time to writing is part 
mission—^to spread the analog gos¬ 
pel—and part career move. Too 
many engineers, he says, leave their 
careers to the vagaries of fate and 
the economy. Writing articles is a 
way for Williams to sharpen his 
writing skills and enhance his mar¬ 
ketability. 

In his present job, Williams also 
participates in policy-making deci¬ 
sions, a responsibility he says irks 
him when he has to drop a design 
project to attend executive meet¬ 
ings, yet also serves to relieve him of 
his “white-socks laboratory exis¬ 
tence.” Like other designers at the 
company, he works informally with 
a young engineer, teaching him the 
finer points of analog circuitry and 
acting as a mentor, a role he consid- 



“Some people think about skiing while they^re at work; I 
think about circuit design while Vm skiin£i” 
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ers both fun and obligatory. '‘They 
teach people analog fundamentals in 
universities, but in the end, indus¬ 
try is going to have to spend years 
training these people. There really 
is no substitute for sitting at a lab 
bench with a lot of expensive equip¬ 
ment around and having someone 
hold your hand.^^ He gets several job 
offers a year, but finds few interest¬ 
ing. “I don't want just a job. I want 
fun. There's a difference." 

Circuits, skiing, and tennis 

Despite his passion for circuit de¬ 
sign, it remains only part of his life's 
focus. “I'm not a workaholic, but I 
don't see a [boundary line] between 
circuit design and skiing, tennis, or 
travel. They all seem to fit together 
nicely. Some people think about ski¬ 
ing while they're at work; I think 
about circuit design while I'm ski¬ 
ing." 

Indeed, he's taken the same im¬ 
mersion approach to learn other ac¬ 
tivities that he took to learn circuit 
design. When he wanted to learn to 
ski, he started with a lesson, but 
then drifted away from the rest of 
the class, spending the rest of the 
week skiing—and falling—down the 
slopes until he had begun to master 
the techniques. After completing a 
course on cooking, he tackled coq au 
vin at home, making it five nights in 
a row until it met his approval. 
When one restaurant's hollandaise 
sauce struck him as especially well 
made, he convinced the chef to let 
him into the kitchen and teach him 
her techniques. 

Out of all the activities he engages 
in, writing about his designs is the 
least satisfying. Descriptive articles 
about circuit design can never re¬ 
capture the thrill of the design pro¬ 
cess, he says. “On paper, it's just 
never good enough. I can never 
match the level of emotion I feel for 
a circuit when I see it on paper." 
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Designer’s Guide 
to Micropower 
Circuits—Part 1 


Alicropower circuits 
assist low-current 
signal conditioning 


Part 1 of this 2-part series focuses on micropower 
signal conditioning for the various sensors and trans¬ 
ducers that have inherently low impedance or output 
voltage. Those characteristics can complicate the de¬ 
sign of a circuit that must operate at low current and 
low power. Part 2, scheduled for the August 20 issue, 
will look at micropower design techniques for the sig¬ 
nal conditioning of AID and VIF converters, of an a 
SIH circuit, and of several low-power regulator 
circuits. 


Jim Williams, Linear Technology Corp 

Applications such as medical instrumentation, remote 
data acquisition, and power monitoring are all excellent 
candidates for battery operation, making low power 
consumption increasingly desirable in electronic appa¬ 
ratus. Micropower analog circuits for transducer-based 
signal conditioning present their own special problems. 
Although ICs that operate at low current are available, 
the interconnection of these devices to form a micro¬ 
power circuit requires care (see box, “Designing micro¬ 
power circuits: some guidelines^’)- In particular, trade¬ 
offs between signal levels and power dissipation become 
painful when you want good performance in the 10- to 
12-bit range. Also, many transducers intrinsically pro¬ 
duce small outputs, complicating an already difficult 
situation when dealing with micropower requirements. 
Despite these problems, the design of micropower 
circuits is possible by using high-performance, low- 
current-drain ICs with the appropriate circuit tech¬ 
niques. 

Fig 1 illustrates a simple circuit for signal condition- 
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Fig 1—This signal-conditioning circuit for a platinum temperature 
sensor includes correction for the sensor^s nonlinear response. Cur¬ 
rent drain is 250 \lA at a 2'‘C sensed temperature, increasing to 335 
\lA at WO^'C. 


ing a platinum RTD (resistance temperature detector); 
the circuit includes correction for the sensor’s nonlinear 
response. The circuit accuracy is ±0.25‘'C over a sensed 
range of 2 to 400"C. To improve noise immunity, you 
should connect one side of the sensor to ground. Cur¬ 
rent consumption is 250 jxA for a sensed temperature of 
2"C and increases to 335 \xA at 400"C. You connect the 
platinum sensor in a current-driven bridge with the 
l-kD resistors. 

Text continued on pg 126 
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Designing micropower circuits: some guidelines 


The most obvious way to save 
power is to choose components 
that use little energy. Although 
they require more effort, some 
subtler procedures can give you 
additional savings. First, you 
should examine the circuit cur¬ 
rent flow in terms of all ac and 
dc paths. Check, for example, to 
see that dc base currents are 
going where they can do some 
useful work. Try to minimize ac 
signal swings, particularly 
where you must continually 
charge and discharge capacitors 
(both designed-in and parasitic 
capacitors). 

In addition, you should exam¬ 
ine the circuit for areas where 
power strobing or sampling is 
possible. To avoid surprises, con¬ 
sider the quiescent power re¬ 
quirements of components in 
comparison to the dynamic ones. 
Data sheets usually specify qui¬ 
escent power requirements be¬ 
cause the manufacturer doesn’t 
know what the user’s circuit con¬ 
ditions are. 

Similarly, the common as¬ 
sumption that MOS devices draw 
no current can get you into trou¬ 
ble. Natural law dictates that, as 
frequencies and signal swings 
increase, the capacitances associ¬ 
ated with MOS devices begin to 
require more power. So it’s often 
a mistake to associate low-power 
operation with any particular 
process technology. Although 
it’s likely that CMOS will pro¬ 
vide lower power operation than 
a 12AX7 vacuum tube, a bipolar 
approach may be even better. In 
the end, you might opt for a 
combination of technologies— 
CMOS and bipolar ICs, for ex¬ 


ample, along with discrete tran¬ 
sistors and diodes—^for best re¬ 
sults. 

Obtaining low-power operation 
usually requires performance 
tradeoffs. Minimizing signal 
swings and current drain saves 
power, but it also moves circuit 
operation closer to the noise 
floor. As you constrict signal 
amplitudes to save power, you’ll 
find that offsets, drift, bias cur¬ 
rents, and noise become increas¬ 
ingly significant error factors. 
Circuits using power strobing 
can sometimes avoid this prob¬ 
lem by resorting to low duty cy¬ 
cles. Using this technique, the 
circuit in Fig 3 (pg 127), for ex¬ 
ample, achieves dramatic power 
savings with an on-state current 
drain that approaches 20 mA. 

Fig A shows a rudimentary 
version of a V/F converter. 

When the input current-derived 
ramp at ICu’s negative input 
crosses zero, ICu’s output drops 
low, pulling a charge through ca¬ 
pacitor Cl and forcing the nega¬ 
tive input below zero. Capacitor 
C 2 provides positive feedback, al¬ 
lowing a complete discharge for 
Cl. When C 2 decays, ICu’s out¬ 
put goes high and clamps at the 
level set by Di, Da, and Vref- Ci 
receives a charge, and recycling 
occurs when ICw’s negative 
input again reaches zero. The 
frequency of this action relates 
to the input voltage. Diodes Da 
and D 4 steer, while diodes Di 
and Da provide temperature 
compensation. The sink satura¬ 
tion voltage of ICiA is small and 
uncompensated. ICib acts as a 
start-up loop. 

Although the LT1017 and 


LT1034 have low operating cur¬ 
rents, the circuit in Fig A draws 
almost 400 |xA. 'The ac-current 
paths include Ci’s charge-dis¬ 
charge cycle and C-a’s branch cir¬ 
cuit. The dc path through D 2 and 
Vref is particularly costly. Cj’s 
charging must occur quickly 
enough for 10 -kHz operation— 
that is, the clamp seen by ICu’s 
output must have a low imped¬ 
ance at that frequency. 

Capacitor C 3 helps, but you 
still need significant current to 
keep the impedance low. ICu’s 
current-limited output cannot do 
the job alone; it uses the sup¬ 
ply’s resistor to help in keeping 
the impedance low. Even if ICu 
could supply the necessary cur¬ 
rent, Vref’s settling time would 
be an issue. 

Dropping C/s value reduces 
the impedance requirements 
proportionally and seems to 
solve the problem. Unfortunate¬ 
ly, such a reduction magnifies 
the effects of stray capacitance 



Fi^ A—This rudimentary version of a VIF 
converter draws almost 400 jiA. The dc path 
through D< and Viter ie particularly costly. 
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at the DrD^ junction. It also 
mandates an increase in the 
value of Rin to keep the scale 
factor constant. This increase 
lowers the operating currents at 
ICia’s negative input and thus 
makes bias current and offset 
more significant sources of 
error. 

Attacking the problems 

Fig B shows an initial attempt 
at dealing with these issues. 

This scheme is similar to Fig 
A’s, except for the addition of Qi 
and Q 2 . Instead of being on all 
the time, Vref now receives 
switched bias via Qi, and Q 2 pro¬ 
vides the sink path for Cj. These 
transistors invert ICia’s output, 
requiring an exchange in its in¬ 
put-pin assignments. Resistor Rj 
provides a small current from 
the supply, improving the refer¬ 
ence settling time. This arrange¬ 
ment decreases supply current 
to about 300 |xA. 

Several problems remain, how¬ 


ever. The switched operation of 
Qi is really only effective at 
higher frequencies. In the lower 
ranges, ICia’s output is low most 
of the time, biasing Qi on and 
wasting power. Also, when 
ICia’s output switches, Qj and Q 2 
simultaneously conduct during 
the transition, effectively shunt¬ 
ing R 2 across the supply. Final¬ 
ly, the base currents of both 
transistors flow to ground and 
are lost. The basic temperature 
compensation is thus the same 
as before, except that Q 2 ’s satu¬ 
ration term replaces that of the 
comparator. 

Fig C presents a better solu¬ 
tion. Qi is gone, but Q 2 remains 
with the addition of Qa, Q4, and 
Qs- Vref and its associated di¬ 
odes receive bias from Rj. Q 3 is 
an emitter follower and sources 
current to Cj. Qi provides temp¬ 
erature compensation for Qs’s 
Vbe, and Q5 switches Q3. 

This method has some distinct 
advantages. The Vref string can 


operate at greatly reduced cur¬ 
rent because of (^’s current 
gain. Also, the simultaneous con¬ 
duction problem in Fig B is 
largely alleviated because Q 2 and 
Qs are switched at the same 
voltage threshold from the out¬ 
put of ICiA. Qi delivers its base 
and emitter currents to capaci¬ 
tor Cl. Os’s currents are wasted, 
although they are much smaller 
than Q/s. Q 2 ’s small base current 
is also lost. The circuit design 
changes the values for C 2 and 
Rs. The time constant is the 
same, but some current reduc¬ 
tion occurs because of the in¬ 
crease in the value of Rs. 

If, for performance reasons, 
you cannot reduce the value of 
Cl, then you must accept its ac 
currents. The only significant 
wasted values are the Q 2 and Qs 
currents, along with the now 
smaller Ri loss. Current drain 
for this circuit is about 200 pA 
max. 



Fig B—This improved version of the Fig A circuit needs only SOO 
\iA of current Instead of being on continuously, Vkef now receives 
s^mtched bias. 



Fig C—Needing only 200 pA, this circuit operates the Vref 
string at greatly reduced current 
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ICs that operate at very low currents do 
not, by themselves, ^tmrantee the successful 
design of micropower circuits. Techniques 
are of equal importance. 


The LM334 current source drives the bridge at an 
operating current of 100 |xA, determined by the 
bridge’s equivalent resistance. The 1N457 diode in 
series with the bridge provides temperature compensa¬ 
tion. By reducing the voltage across the LM334, the 
39-kn resistor minimizes its temperature rise and en¬ 
sures its closer temperature tracking with the diode. 
The low current of 100 |xA, which is split by the bridge, 
restricts the platinum sensor’s output to about 200 
[iWrC. 

To achieve a circuit accuracy of ±0,25'’C and stable 
gain, you should use a low-power precision op amp like 
the LT1006. The LT1006 takes the signal differentially 
from the bridge to provide the circuit’s output. The 
platinum sensor’s slightly nonlinear response normally 
causes several degrees of error over the sensed temper¬ 
ature range, but the 1.21-Mfl resistor provides a slight 
positive feedback to correct for this error. The amplifi¬ 
er’s negative feedback path dominates, and the circuit 
configuration is stable. The l-|xF capacitor rolls off the 
circuit’s high-frequency response, and the 180-kfl resis¬ 
tor programs the LT1006 for 80 |xA of quiescent cur¬ 
rent. 

Use decade box for calibrating 

To calibrate this circuit, you can substitute a preci¬ 
sion decade box (such as the General Radio #1432) for 
Rp. Set the box to the value (1019.9ft) and adjust 


the trim for 0.05V at the output of the LT1006. 
Next, set the box for the 400^^0 value (2499.8ft) and 
adjust the 400^^0 trim for 4.00V output. Repeat this 
sequence until both points remain fixed. 

The resistance values set by the decade box are for a 
nominal 1000.0ft (0°C) sensor. You can use sensors 
deviating from this nominal value by factoring in the 
deviation from 1000.0ft. Because it is an offset value 
that arises from winding tolerances during the fabrica¬ 
tion of the RTD, the manufactqrer specifies this devia¬ 
tion for each individual sensor. The platinum’s gain 
slope, which is primarily fixed by the purity of the 
material, is a very small error factor. 

The temperature-sensing circuit in Fig 2 uses a 
thermocouple as the transducer. It is accurate within 
1.5‘’C over the sensed temperature range of 0 to 60‘'C. 
Current consumption is about 125 |xA. 

Not only are thermocouples inexpensive, they have 
low impedance and generate their own outputs. They 
do, on the other hand, produce low-level outputs and 
require cold-junction compensation, both of which com¬ 
plicate signal conditioning. The bridge network, com¬ 
posed of a thermistor and its associated resistors, 
provides cold-junction compensation with the LT1004 
acting as a voltage reference. The lithium battery lets 
the bridge float and also lets the thermocouple have a 
ground reference-, thereby eliminating the need for a 
multi-amplifier differential stage with its attendant 



Fig 2—This thermocouple-type temperature-sensing circuit features cold-junction compensation and is accurate within 1.5°C over a 60‘'C 
temperature range. Current-drain is ahemt 125 [lA. 
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power drain. (The battery specified in the figure is 
supposed to last nearly 10 years.) The gain adjustment 
of the LT1006 provides the output shown, and the 
270-kfl resistor programs the IC for low current drain. 
Note that this circuit requires no trimming. 

Bridge-based, strain-gauge transducers present a 
challenge for low-power designs. Some common values 
for the transducers are a 3500 impedance and a low 
output signal (typically 1 to 3 mV per volt of drive), and 
these common values create problems for low-power 
designs. Even with only IV of drive, the bridge current 
consumption approaches 3 mA. Reducing the drive to 
100 mV drops the current to acceptable levels, but 


precludes any great accuracy because of the minuscule 
output available. 

In many situations, continuous transducer informa¬ 
tion is unnecessary, and consequently a sampling oper¬ 
ation is viable. Sampling at a low duty cycle permits a 
high-current bridge drive while keeping the average 
power consumption low (see box, ^^Sampling techniques 
reduce circuit current”). Fig 3 uses such a scheme to 
achieve dramatic power savings in a strain-gauge 
bridge application. 

In the circuit of Fig 3, Q 2 is off when the sample 
command is low. Under these conditions, only the 
LT1006 and the CD4016 receive power, and the current 





NOTES: 

ICia,ICib.ICic=LT1013QUAD 
* = 1% METAL-FILM RESISTOR 


TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

200 |iSEC/DIV 

B 

4V/DIV 

200 AtSEC/DIV 

C 

0.5V/DIV 

200 AtSEC/DlV 

D 

2V/DIV 

200 AtSEC/DlV 


Pig 5— Strain-gauge bridge-type transducers present problems in achieving low-current operation because of their low impedance and low 
output signals. The circuit shown in a uses a sampling approach to lower the average current. The operating waveforms shown in b are 
described in the text. ‘ 
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Sampling or strobing techniques cm drasti¬ 
cally reduce the average current drain in 
many circuits while still providing full 
drive power when needed. 


drain is less than 125 |xA. When the sample-command 
pulse goes high, the collector of Q 2 (trace A, Fig 3b) 
goes high, providing power to all other circuit elements. 
The ion resistor and the 1-|jlF capacitor at the input of 
the LT1021 prevent the strain bridge from having to 
handle a fast-rising pulse, which could cause long-term 
transducer degradation. 

The LT1021-5 reference output (trace B) drives the 


strain bridge, and the output of the differential amplifi¬ 
er ICiA, ICiB appears at ICic (trace C). At the same 
time. Si's switch-control input (trace D) ramps toward 
Q 2 's collector. At about half of Q 2 's collector voltage (in 
this case, just before midscreen). Si turns on, and the 
output of ICic charges capacitor Ci. When the sample 
command drops low, Q 2 's collector falls, the bridge and 
its associated circuitry shuts down, and Si turns off. 


Sampling techniques reduce circuit current 

The best way to achieve low- 
power circuit characteristics is to 
turn off the power. Obviously, 
there are some problems with 
this approach, but in many appli¬ 
cations, continuous circuit power 
is not necessary. If bandwidth 
requirements are low, sampling 
techniques offer a simple way to 
save power. With low duty cy¬ 
cles, in.stantaneous current can 
be relatively high, and average 
current drain remains low. 

One of the issues you need to 
examine when considering a 


sampling approach is that the 
desired circuit bandwidth dic¬ 
tates the minimum sampling fre¬ 
quency in accordance with 
Nyquist criteria. The circuit’s 
settling time (to the desired ac¬ 
curacy) determines the required 
duration of the sampling interval. 

You should consider this set¬ 
tling time for all circuit elements 
(transducers, ICs, and discrete 
components) separately and to¬ 
gether. You should also examine 
the effects of a sampled opera¬ 
tion on component life and oper- 





Fig A—The output of the LTC1040 dual comparator supplies Fig C—The LTC1041 shown here is dedicated to on-off servo 
power only during the programmed sampling interval. ojieration. 
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Capacitor Ci’s stored value appears at the gain-scaled 
output of the LT1006 (IC 3 ). 

By preventing the updating of Ci until ICic settles, 
the RC delay at Si’s control input ensures glitch-free 
operation. During the 1-msec sampling phase, supply 
current approaches 20 mA, but the 10-Hz sampling rate 
cuts the effective current drain below 200 p,A. Slower 
sampling rates will further reduce current drain, but 


Cl’s droop rate (about 1 mV/100 msec) limits the accura¬ 
cy. The 10-Hz rate provides adequate bandwidth for 
most transducers. The gain trimming shown allows 
calibration for 3-mV/V slope-factor transducers. You 
should rescale the trimming for other types. The cur¬ 
rent drain of this circuit is about 300 jxA, and the output 
is accurate enough for 12 -bit systems. 

By switching most of the power into the circuit, the 


ating characteristics. This latter 
issue is particularly important in 
the case of transducers, which 
are often designed and tested 
under dc operating conditions. 

The LTC1040, 1041, and 1042 
are specifically designed for 
sampled operation. Fig A details 
the LTC1040 dual micropower 
comparator. Its programmable 
internal oscillator sets a sam¬ 
pling rate with an interval last¬ 
ing 80 jisec. The Vpp output sup¬ 
plies power during the sampling 
interval, thereby providing drive 
for the external circuitry or 
transducers. Note that the input 
common-mode range includes 
both rails. Fig B plots supply 
current vs sampling frequency. 

The L'rC1041 is shown in Fig 
C. Although similar to the 1040, 
it is specially dedicated to on-off 
servo loops. You can control the 
servo setpoint and delta at the 
inputs. The Fig D diagram 
graphically defines its operation. 
The operating current is similar 
to the 1040’s. 

The final example, the 
LTC1042, is also similar to the 
1040, but it’s laid out as a win¬ 
dow comparatpr. Its internal 
construction is shown in Fig E, 
and its graphic operation, in Fig 
F. The operating current, input 
range, and sampling characteris¬ 
tics are similar to the LTCl040’s 
and 104rs. 
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Fig D—This plot of the LTCmi’s set- 
point and delta graphically defines its 
operation. 



Fig F—This graph illustrates the win¬ 
dow characteristics of the LTClO^l com¬ 
parator. 



Pig p—The LTC1042 window comparator is similar to the lOJfO and 1011 in terins of 
operating current and sampling characteristics. 
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The low impedance and low output-voltage 
of many transducers present special prob¬ 
lems in the design of micropower circuits. 


circuit in Fig 4 helps to reduce losses caused by the 
strain-gauge bridge. Rather than operate in a continu¬ 
ously sampled mode, this circuit sits in a quiescent state 
for long periods, with relatively brief on times. 

A typical application for this circuit is the remote 
measurement of the contents of a storage tank when 
weekly readings are sufficient. Despite the floating 
output of the strain-gauge bridge, the circuit has the 
advantage of not needing a differential amplifier. In 
addition, it improves measurement accuracy because it 
provides nearly full-rated drive to the strain bridge. 
Quiescent current is about 150 |jlA with on-state cur¬ 
rent typically 50 mA. 

When the base of Qi is unbiased, all circuitry is off 
except the LT1054 positive-to-negative voltage convert¬ 
er. By pulling the base of Qi low, its collector supplies 
power to ICiA and ICib. The output of ICu goes high, 
turning on the LT1054. The pin 5 output of the LT1054 
heads toward -5V and Q 2 turns on, permitting the flow 
of bridge current. The LT1054, with ICia acting as a 


servo, balances the inputs to the bridge and drives the 
midpoint of the bridge to OV. The bridge ends up with 
about 8V across it, and so requires the LT1054, which 
can handle 100 mA, to sink about 24 mA. The 0.02-|xF 
capacitor then stabilizes the loop. 

The negative output of the ICia and LT1054 loop sets 
the common-mode voltage of the bridge to zero, allow¬ 
ing ICiB to make a simple single-ended measurement. 
The output trim adjustment scales the circuit for a 
3-mV/V strain-gauge bridge transducer. The 100-kD 
resistor and 0.1-|xF capacitor together provide noise 
filtering. 

2-wire thermistor needs no external supply 

Current-loop control in the range of 4 to 20 mA is 
common in industrial environments, and circuits that 
are used to modulate data into this type of loop must 
operate well below the 4-mA minimum current. The 
2-wire thermistor used in a complete temperature- 
transducer interface (Fig 5) has an output in the 4- to 



130 


EDN August 6, 1987 









































20-mA range. Accuracy for this current-loop circuit is 
±0.3‘'C over a 0 to 100*"0 range. The circuit does not 
require an external supply. 

By fixing the current well below the 4-mA minimum, 
the LM134 current source saves the LTC1040 from 
having to handle too high a supply voltage (see box, 
“Sampling techniques reduce circuit current'^- The 
LTC1040 senses the thermistor-network output and 
forces this voltage across the output resistor to set the 
total circuit current. You can adjust the current by 
varying the gate voltage of the 2N6657 FET. The 
comparator output operates in a PWM mode, with the 
FET-gate voltage filtered by the 1-Mfl resistor and the 
1-jjlF capacitor. 

An important feature of the LTC1040 is that very 
little current—something on the order of nanoamperes 
—flows from the V- supply. The V- supply therefore 
connects to ground with negligible current error in the 
output-sensing resistor. The differential input of the 
LTC1040 can sense the current through the output 
resistor because its common-mode range includes the 
V- supply. You make the trimming adjustments for 0 
and 100°C (full scale) by exposing the thermistor to 
those temperatures or by electrically simulating those 
conditions. 

Fig 6 shows a circuit for a battery-powered thermo¬ 
stat using the LTC1041 and a bridge-connected ther¬ 
mistor to sense the temperature. A potentiometer at 
the output of the bridge provides a means of setting the 
temperature. The power for driving the bridge comes 



Fig S—This 2-wire thermistor signal-conditioning circuit requires 
no external supply. Powered by a current-loop, the circuit accuracy 
is ±0.3°C over a 100°C range. 


26V ac 2-WIRE 



NOTES: 

ALL RESISTORS = 1% FILM. 

* = YELLOW SPRINGS INSTRUMENT 
PART #44007. 


Fig S—This thermistor-based temperature-sensing circuit uses 
pulse techniques to limit the current to 1 \sA. With a lithium 
battery, this circuit can operate for over 10 years. 

from pin 7 of the LTC1041, not from the battery. Pin 7 
is the pulse-power (Vpp) output and only turns on when 
the LTC1041 samples the inputs. A system's average 
power consumption when this technique is used turns 
out to be quite small; In this application, total system 
current is less than 1 jxA. This is far less than the 
self-discharge rate of the battery. A lithium battery can 
operate this circuit for over 10 years. 

An external R-C network sets the sampling frequen¬ 
cy. The initiation of an internal sampling cycle turns on 
power to the comparators and the Vpp output. The 
CMOS latches in the LTC1041 store the resulting 
outputs of the sampled analog inputs. After the sam¬ 
pling, the circuit switches off the power but keeps the 
outputs on. The unclocked CMOS logic consumes negli¬ 
gible current. 

The sampling process takes approximately 80 jxsec. 
During this interval, the LTC1041 draws about 1.7 mA 
of current from the 6V supply. Because the sampling 
rate is low, average power consumption is extremely 
small. The low sampling rate is adequate for a thermo¬ 
stat, however, because of the low rate of change associ¬ 
ated with temperature. 

A power MOSFET in the diode bridge switches 26V 
ac to the heater control circuitry. The MOSFET is a 
voltage-controlled device that requires no current from 
the battery. The voltage from pin 5 (DELTA) to pin 4 
(GND) sets the dead band. The dead band, which is 
desirable to prevent excessive cycling in the heating 
unit under control, equals two times DELTA and is 
independent of both Vin (pin 3) and setpoint (pin 2). 
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V= 9V 



NOTES: 

* = ^% METAL FILM RESISTOR. 

YELLOW SPRINGS INTSTRLIMENT #44007. 

OUTPUT A IS HIGH WHEN TEMPERATURE IS BETWEEN 
26 AND 31 °F. 

OUTPUT B IS HIGH ABOVE 3rF. 


Fig 7—This simple freezer-alarm circuit draws only 80 jjlA of 
current and uses the LTC10J^2 as a sampling window-comparator. 


Thus as you vary the setpoint, the dead band remains 
fixed at two times DELTA. Conversely, as you vary the 
dead band, the setpoint stays the same. 

Fig 7 is a very simple configuration for a freezer 
alarm. Circuits such as this one are useful in industrial 
and home freezers as well as in refrigerated trucks and 
rail cars. The LTC1042 acts as a sampling window 
comparator. The lO-MO resistor and 0.05-|xF capacitor 
set a sampling rate of 1 Hz and the bridge-network 
values program the internal window comparator for the 
outputs shown. During normal freezer operation, pin 1 
is high and pin 6 is low. Overtemperature conditions 
reverse this state and can trigger an alarm. The circuit 
consumes about 80 fxA. EDN 
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Designer’s Guide 
to Micropower 
Circuits—Part 2 


Signal conditioning 
circuits use gpower 
design techniques 


Part 1 of this 2-part series covered micropower signal 
conditioning for sensors and transducers. Part 2 
completes the series with coverage of the types of 
micropower circuits and techniques required for im¬ 
plementing AID converters, V/F converters, low-pow¬ 
er regulator circuits, and a sample/hold circuit. This 
part also includes a discussion of the parasitic effects 
of test equipment on the measurement and design of 
micropower circuits. 


Jim Williams, Linear Technology Corp 

When designing micropower circuits, some sensors and 
transducers can present special problems because of the 
components' inherently low impedance and low output 
voltage (see EDN, August 6, 1987, pg 123). Although 
these constraints don't apply to all transducer-based 
circuits, other factors can affect circuit performance 
when attempting to operate them at micropower levels. 
In data converters, for example, circuit speed, accura¬ 
cy, and resolution all tend to suffer at low operating 
current. In addition, a circuit's capacitance can slow its 
operation, and tradeoffs are sometimes necessary be¬ 
tween signal levels and power dissipation. 

Although integrating 12-bit A/D converters that 
have low power consumption are available, they are 
quite slow—typically in the 100-msec range. Higher 
speeds require a successive-approximation register 


(SAR). To date, no commercially produced 12-bit SAR 
features micropower capability, which is defined as the 
capability of operating below 1 mA. The design shown 
in Fig la converts in 300 jxsec while consuming only 
890 fiA. 

Conceptually, this design is a straightforward SAR 
converter, except that the circuit uses special measures 
to operate at low power. The circuit arranges the SAR 
chip and the DAC chip in the standard fashion, with ICi 
closing the loop. Normally, one would not use CMOS 
DACs for SAR applications because their output capaci¬ 
tance slows down the operation. In this case, however, 
the CMOS DAC's low power consumption is attractive 
enough that the consequently slower speed is accepta¬ 
ble. And because the micropower comparator (ICi) 
works well with the speed of the DAC specified, the 
speed penalty is minimal. 

One limitation of CMOS DACs is that their outputs 
must terminate into OV. This constraint mandates a 
current-summing comparison, wherein the reference's 
polarity must be the opposite of the input's. Because 
most micropower systems run from single-sided posi¬ 
tive rails, it's unrealistic to expect the end user to 
supply the A/D converter with a negative input. To be 
readily usable, therefore, the converter should accept 
positive inputs and derive a negative reference internal¬ 
ly. IC 2 and the LTC1044 address this issue with a 
plus-to-minus voltage conversion that results in a nega¬ 
tive reference. IC 2 , compensated as an op amp, controls 
the LTC1044 via the boost transistor. The negative 
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With micropower circuits you can build 
A/D converters that offer 10- and 12-bit 
resolution but consume well under 1 mA of 
current. 


output of the LTC1044 is fed back to the input of IC 2 , 
closing a regulation loop. 

Scaled current summing from the output and from 
the LT1034 forces a -5.000V output. The Schottky 
diode prevents any negative summing-point overdrive 
during start-up. The 5V reference maintains a reason¬ 
able LSB overdrive for ICi, but it accounts for over half 
the circuit's current requirement. (The DAC's relatively 
low input impedance sets this current requirement.) 
Dropping the reference voltage might save significant 


power, but it also reduces the LSB size below a milli¬ 
volt. And an LSB below a millivolt causes both compa¬ 
rator offset and gain to become substantial error 
sources. 

DAC accepts negative reference 
Although the DAC has no negative supply, it can 
accept the negative reference because its thin-film 
resistors are extrinsic to its monolithic structure. How¬ 
ever, ICi, which is referred to ground, cannot accept 
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c 


D 


(b) 



TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

150 ^SEC/DIV 

B 

10V/DIV 

150 ^SEC/DIV 

C 

100 mV/DIV 

150 ^SEC/DIV 

D 

lOV/DtV 

150 /iSEC/DIV 


AD7541A; 
SELECT FOR 
REF IN >10k 



CONVERT 

COMMAND 


NOTE: 

^ = 1% METAL FILM 


F'ig 1—This 12-bit AID converter needs only 890 jxA of current. It uses a successive approximation approach that provides conversion in 
300 psec. 
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any negative voltages and is clamped by the Schottky 
diode. Overall performance specifications include typi¬ 
cal temperature compensation of 30 ppm/°C, a 300-p,sec 
conversion time, an 890-|xA current consumption, and 
an accuracy of ±2 LSBs. To trim, adjust the 100-kft 
resistor for exactly -5V at Vref- 
The DAC’s internal feedback resistor serves as the 


input. In Fig lb, trace A is the clock, and trace B is the 
convert command. Trace B’s falling edge clears the 
SAR, and conversion commences on its rise. During 
conversion, ICi’s input (trace C) sequentially converges 
towards zero. When conversion is complete, the status 
line (trace D) drops low. 

The 10-bit A/D converter shown in Fig 2a has less 




TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

2 mSEC/DIV 

B 

0.5V/DIV 

2 mSEC/DIV 

C 

10V/DIV 

2 mSEC/DIV 

D 

10V/DIV 

2 mSEC/DIV 



(c) 


HORIZONTAL=200 (iV/DIV 


Fig 2—Using CMOS logic elements and a low-current comparator, this 10-bit AID converter requires only 100 jxA of current. 
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An S/H circuit that has a 20-\xsec acqui¬ 
sition time and a hold current of 430 
uses low-current op amps, CMOS lo^ic, 
and a handful of discrete components. 


resolution than the previous circuit, but it does operate 
at the much lower current of 100 fxA. The design 
consists of a current source, an integrating capacitor, a 
comparator, and some logic elements. With a pulse 
applied to the convert-command input (trace A, Fig 
2b), the paralleled 74C906 sections reset the 0.075-fxF 
capacitor to zero (trace B). Simultaneously, 74C04 
inverter A goes low, biasing the 2N3809 current source 
on. During this interval, the current source stabilizes 
and delivers its output to ground via the paralleled 
74C906 sections. 

On the falling edge of the convert-command pulse, 
the 0.075-|xF capacitor begins to charge linearly. When 
the ramp voltage equals the input, ICi switches and 


inverter A goes high, shutting off the current source. A 
small current is bled through the lO-MD resistor and 
the 1N914 diode to keep the ramp charging at a lower 
rate. That current ensures overdrive for ICi but mini¬ 
mizes the current source’s on time and so saves power. 
The 0 to 5V input voltage (Ein) to ICi directly deter¬ 
mines the output pulse width (trace C). This pulse 
gates IC 2 ’s clock output via the 74C00 configuration. 
The 74C00s also gate the portion of IC/s output that 
results from the control-command pulse. Thus, the 
clock pulse bursts that appear at the output (trace D) 
are proportional to Ein. For the arrangement shown, 
1024 pulses appear for a 5V full-scale input. 

The specified current-source scaling resistor and the 


Parasitic effects of test 

The energy absorbed by test- 
equipment connections to micro¬ 
power circuits can be significant. 
Under normal circumstances, 
test equipment and probes have 
negligible power drain, but mi¬ 
croampere-level operating cur¬ 
rents require care. You should 
regard test instrumentation as 


equipment 

an integral part of the circuit 
and keep ac and dc loading and 
parasitic effects in mind in order 
to avoid unpleasant surprises. 
Errors in instrument connection 
can make the circuit under test 
look unfairly bad or good. 

The dc resistance of oscillo¬ 
scope probes varies from hun¬ 


dreds of ohms (1X probes) to 10 
megohms (10x probes), with 
some 10 X probes as low as 1 
Mfl. Even some FET probes do 
not have as high an input resis¬ 
tance as one might expect— 
some types are as low as 100 
kD, although most are about 10 
Mfi. The dc loading of a 10 x 
l-MD probe on the circuit in Fig 
2 (pg 221), for example, could 
introduce as much as 9 jxA of 
loss—almost 10% of the total 
current drain. The ac loading of 
a 10-pF probe, using Fig 2’s 
20-kHz clock as a test example, 
increases circuit current by 5 
fxA momentarily, a significant 
loss in a low-power circuit. 

Most 1X probes present about 
50-pF loading, with a l-Mfi dc 
resistance when connected to the 
oscilloscope. This kind of probe 
loading can cause large errors in 
some micropower circuits; it can 
virtually disable others. Such a 
probe, when connected to the 
collector of Qs in Fig 5 (pg 
227), results in a 25% momen¬ 
tary increase in circuit current 
at an output of 1 MHz. 
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specified ramp capacitor provide good temperature 
compensation because of their opposing thermal coeffi¬ 
cients. The circuit typically maintains an accuracy of ±1 
LSB over the temperature range of 0 to 70°C; the 
asynchronous relationship between the clock and the 
conversion sequence causes an additional ±1 LSB. The 
conversion rate varies with the input voltage. At Vio 
scale, 150 Hz is possible; at full scale, the rate decreases 
to 20 Hz. 

Lowest power sacrifices accuracy 
Power consumption of this A/D converter is extreme¬ 
ly low because of the CMOS logic elements and the 
LT1017 comparator. Quiescent current (Ein equals OV) 


is 100 fxA at a supply voltage of 9V, decreasing to 80 \xA 
at 7V. Because the time that the current source is on 
varies with the input, power consumption also varies 
with Ein. When Ein equals 5V, current drain rises to 
125 |jlA with a 9V supply and 105 |jlA at 7V. You can 
save more power if you shut off the current source 
during the capacitor reset, but you lose accuracy be¬ 
cause of the current source's settling-time require¬ 
ments. The accumulated charge on the 0.075-|xF capaci¬ 
tor is lost at each reset. A smaller capacitor might help, 
but IC/s bias currents introduce significant error in 
this case. 

Turning off the current source after ICi switches also 
saves significant power. Fig 2c, taken at a 25-mV input, 


Probe ac and dc loading are 
not the only effects. The input 
switching networks of some 
DVMs (digital voltmeters) sink 
or source a parasitic charge. 

Such a parasitic charge, when 
introduced into high-impedance 
nodes, can cause substantial er¬ 
rors. It's also worth remember¬ 
ing that DVM dc loading may 
change with the range it is set 
to: Lower ranges may have a 
very high input impedance, but 
higher ranges typically have 
only 10 Mfl. 

Fig A shows a way that test 
equipment can make the circuit 
look too good. If you adjust the 
pulse generator more than a typ¬ 
ical diode voltage drop above the 
regulator's output, the bypass 
capacitor will detect the peak 
charge delivered through the 
IC's internal diode. The regula¬ 
tor can't sink current, and, with 
its output forced high, it won't 
source anything either. Under 
these conditions, the circuit 
functions when the current 
meter reads zero—a very low- 
power circuit indeed. 


A very simple and useful cir¬ 
cuit (Fig B) greatly aids probe¬ 
loading problems in micropower 
circuits. The LT1022 high-speed 
FET op amp drives an LTlOlO 
buffer. The output of the LTlOlO 
drives the DVM cable and probe 
and also biases the circuit's 
input shield. This connection 
bootstraps the input capacitance 
and reduces its effect. Both the 


dc and ac errors of this circuit 
are low enough for nearly all 
work, with enough bandwidth 
for most low-power circuits. If 
you build this circuit in a small 
enclosure with its own power 
supply, you can use it ahead of 
an oscilloscope or DVM with 
good results. The pertinent 
specifications appear in Fig B. 



Fig B—To aid in probe-loading problems^ this circuit provides ac and dc errors that are 
low enough for nearly all work. 
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Usin 0 micropower circuits and appropriate 
design techniques, 10-kHz and 1-MHz 
V/F converters need only 145 [iA and 
635 \xA of current, respectively. 


shows the ramp zero reset and clean switching. When 
the current source switches off, the ramp slope de¬ 
creases but still continues to move upward, ensuring 
overdrive. The 10-Mfi resistor and the 1N914 diode 
provide the charge, and less than a microampere is lost. 

Fig 3a shows a companion sample/hold circuit for the 
SAR A/D converter. The acquisition time is 20 iJisec, 
with low-power operation (see table in Fig 3a). This 
circuit takes full advantage of the programming pin on 
the LT1006 op amp to maximize both speed and power 
specifications. When the sample command (trace A, Fig 
3b) is given, the CO4066 switch closes. Si and S 2 allow 
the output of ICi (trace B) to charge the capacitor (trace 
C is the capacitor current). S 3 and S 4 also close, raising 
the op amp’s internal bias network. 

At that point, both amplifiers then go into hyper¬ 
drive, boosting the slew rate in order to speed the 
acquisition time. IC 2 (trace D) settles cleanly to 1 mV in 
20 |jLsec. When the sample command goes low, all 
switches go off, IC 2 follows the voltage stored on the 
capacitor, and the supply current drops by a factor of 
five (see the table in Fig 3a). In normal operation, the 
sampling time is short compared to the holding time, 
and current consumption is low. The 360-kfi resistors 
set the circuit’s hold-mode quiescent current at 430 |jlA. 

V/F converters also work at low current 

Another data converter, this one a voltage/frequency 
(V/F) converter, is shown in Fig 4a. A 0 to 5 V input 
produces a 0 - to 10 -kHz output with a linearity of 0.02% 
and a gain drift of 40 ppm/°C. Maximum current 
consumption is only 145 |jlA, far below that required by 
most other circuits. 

To understand how the Fig 4 circuit operates, assume 
that the positive input to ICi is slightly below its 
negative input and that the output of IC 2 is low. The 
input voltage causes a positive ramp at the input of ICi 
(trace A, Fig 4b). ICi’s low output biases the CMOS- 
inverter outputs high. This bias allows current to flow 
from Qi’s emitter through the inverter supply pin to the 
0.001-|jlF capacitor. The 10-|xF capacitor provides a 
high-frequency bypass, maintaining a low impedance at 
Qi’s emitter. Connected like a diode, Qe provides a path 
to ground. 

The 0.001-|jlF capacitor charges to a voltage that is a 
function of Qi’s emitter potential and the drop across 
Qe. When the ramp at the positive input of ICi goes high 
enough, IC/s output goes high (trace B) and the invert¬ 
ers switch low (trace C). The Schottky clamp prevents a 
CMOS-inverter input overdrive. This preventative ac¬ 


7 TO 10V 


V4CD4066 V 4 CD 4 O 66 



CIRCUIT CHARACTERISTICS 


ACQUISITION TIME 

20 fiSEC 

HOLD SETTLING TIME 

10 AtSEC 

S/H OFFSET 

1 mV 

HOLD SUPPLY CURRENT 

430/A 

SAMPLE SUPPLY CURRENT 

2.2 mA 

l-kHz-SAMPLE-RATE CURRENT 

875/A 

DROOP RATE 

1 mV/mSEC 



(b) 


TRACE 

VERTICAL 

HORIZONTAL 

A 

10V/DIV 

10 ^SEC/DIV 

B 

5V/DIV 

10/iSEC/DIV 

C 

10 mA/DIV 

10/iSEC/DIV 

D 

5 mV/DIV 

10 AtSEC/DIV 


Fig 3—A companion for the AID converters, this sample!hold circuit 
has a 20-\Lsec acquisition time and a hold-current of U30 


tion also pulls current from the capacitor at the positive 
input of ICi via Q5 and the 0.001 -|jlF capacitor (trace D). 
This removal of current resets ICi’s positive input ramp 
to a potential slightly below ground and thus forces the 
output of ICi to go low. 

The 50-pF capacitor connected to the circuit output 
furnishes positive ac feedback, ensuring that the output 
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(6.2 TO 12V) 
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O- 

(0 TO 5V) TYP 
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TRIM, 
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(a) 
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D 
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= 0.1 |jiF 
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3.9M (TYP) 
100-Hz TRIM 


► 47k 


HP5082-2810 




15k 






NOTES: 


^ = 1% METAL FILM 
-=74004 
Qi THROUGH Q 7 =2N3904 


— I /O IVIt- Ij 


50 pF 
’lN914 


HP5082-2810 


0.001 |jlF 
POLYSTYRENE 

rur 


.2.7M 



0.1 |jiF 


HORIZONTAL^ 20 /iSEC/DIV 


TRACE 

VERTICAL 

HORIZONTAL 

A 

50 mV/DIV 

20 |iSEC/DIV 

B 

5V/DIV 

20 liSEC/DIV 

C 

5V/DIV 

20 fiSEC/DN 

D 

10 mA/DIV 

20 /iSEC/DIV 


SLOPE = 7^A/kHz 


LM334 




n— \ —I—n 

9 10 11 12 


(C) 


FREQUENCY (kHz) 


Fig 4—Linearity for this VIF converter is 0.02%;a 0 to 5V input produces a 0- to 10~kHz output. Maximum current consumption isl^SpA. 
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Switching regulators are useful in limiting 
quiescent current while still providing high¬ 
er output currents. 


of ICi remains positive long enough to completely 
discharge the 0.001-|jiF capacitor. The Schottky diode 
prevents the input of ICi from being driven outside its 
negative common-mode limit. When feedback from the 
50-pF capacitor decays, ICi again switches low, and the 
entire cycle repeats itself. The oscillation frequency 
depends directly on the input current, which is in turn 
derived from the voltage. 

Control emitter voltage carefully 

If you want to obtain low drift, you must carefully 
control Qi^s emitter voltage. Q 3 and Q 4 provide tempera¬ 
ture compensation for Q 5 and Qe, and Q 2 does the same 
for Qi's Vbe. The two LT1004s act as the actual voltage 
reference, and the LM334 current source sends 35 |jlA 
of bias to the stack. The current drive offers excellent 
supply immunity (better than 40 ppm/V) and also aids 
the circuit's temperature coefficient because it uses the 
LM334's 0.3%/°C temperature coefficient to provide a 
slight temperature modulation on the voltage drop in 
the Q2, Q3, Q4 string. The magnitude and sign of this 
correction directly oppose that of the -120 ppm/^'C 
coefficient of the 0.001-|jlF polystyrene capacitor and 
thereby contribute to the circuit's overall stability. 

The emitter follower, Qi, delivers a charge to the 
0.001-|jiF capacitor efficiently, as both the base and 
collector currents end up in the capacitor. The paral¬ 
leled CMOS inverters provide low-loss spdt reference 
switching with minimum drive losses. The 0.001-|jiF 
capacitor, which is as small as accuracy permits, draws 
only small transient currents during its charge and 
discharge cycles, and a combination of the 50-pF capaci¬ 
tor and the 47-kn resistor produces positive feedback 
that draws insignificant switching currents. 

Fig 4c, a plot of supply current vs operating frequen¬ 
cy, reflects the low-power design. At zero frequency, 
the LTlOlT's quiescent current and the 35 -|jlA refer¬ 
ence-stack bias accounts for all of the current drain. As 
frequency increases, the charge-discharge cycle of the 
0.001-|jiF capacitor introduces the T-ixA/kHz increase 
shown. A capacitor of a smaller value would cut power, 
but the effects of stray capacitance, charge imbalance in 
the 74C04, and LT1017 bias currents would introduce 
inaccuracies. 

Start-up can cause feedback latching 

Circuit start-up or overdrive can cause the circuit's 
ac-coupled feedback to latch. If this occurs, ICi's output 
goes high. IC 2 , detecting this change via the inverters 
and via the lag caused by the 2.7-Mn resistor and the 


0.1-|jiF capacitor, also goes high. This sequence lifts 
ICi's negative input and grounds the positive input with 
Qt and so initiates normal circuit action. Because the 
charge pump is directly coupled to the output of ICi, the 
response is fast. 

To calibrate this circuit, apply 50 mV and select the 
resistor value at the input of ICi for a 100 -Hz output. 
Then apply 5V and trim the 50-kft variable resistor for 
a 10-kHz output. 

Fig 5 shows another V/F converter, but this one runs 
at 1 MHz full scale. Quiescent current is 245 |xA, 
increasing linearly to 635 |jiA at 1 -MHz output. Obtain¬ 
ing this higher operating frequency requires tradeoffs 
in linearity, power consumption, and step-response 
performance. Linearity is 0 . 12 % over the 100 -Hz to 
1 -MHz range; drift is about 50 ppm/°C; and step 
response is less than 350 msec to full scale. 

This circuit has some similarities to Fig 4, although 
the operation is somewhat different. An input voltage 
causes ICi to swing toward ground, biasing Qg. Qg's 
collector ramp (trace A, Fig 5b) charges the 3-pF 
capacitor; it also charges any stray capacitance associ¬ 
ated with Q 7 and the 74C14 Schmitt input that is 
connected to the node. When the ramp reaches the 
Schmitt's threshold, its output (trace B) goes low, 
turning on Q7, which is connected like a diode. Q7 
discharges the node capacitances and thus forces the 
ramp to reset. The 74C14 returns to the high state, and 
oscillation commences. 

A second 74C14 section (trace C) inverts this oscilla¬ 
tion signal, drives the 74C90 dividers, and serves as the 
circuit's output. The dividers' -^100 output (trace D) 
controls a reference charge-pump arrangement essen¬ 
tially identical to the one in Fig 4. The 1000-pF capaci¬ 
tor is alternately charged and discharged by the paral¬ 
leled 74C14 sections and steering diodes Q 5 and Qe, 
respectively. The charge increments pulled through Q 5 
continually force ICi's 2 -|jlF capacitor to zero (trace E), 
balancing the input-derived current. This action closes 
a loop around ICi and thus controls the oscillator, which 
consists of Q7, Qg, and the 74C14, so that it runs at the 
frequency needed to keep its own negative input at 
zero. This closed loop eliminates oscillator drift and 
nonlinearity as error sources. The 0.33-|xF capacitor at 
ICi stabilizes the loop and accounts for the circuit's 
350-msec settling time. 

The resistive divider at the input to ICi improves 
linearity by summing in a small input-related voltage. 
By deliberately introducing leakage to ground, the 
diode at the collector of Qg dominates all node leakages. 
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This leakage control ensures low-frequency operation 
by forcing Qg to source current for oscillation purposes. 

Although low, the current drain of the Fig 5 circuit is 
higher than the one shown in Fig 4, primarily because 
of the former's high-frequency oscillator and its divider 
operation. The capacitance and the signal swing at the 
collector of Qg heavily influence the oscillator's current. 
The 74C14 threshold voltage determines the signal 
swing, and the capacitance value is the lowest possible 
value commensurate with the desired low-frequency 
operation. 


To trim this circuit, apply 500 p.V to the input and 
select the 220-kfl (typ) resistor value at the positive 
input of ICi for an output frequency of 100 Hz. Then, 
with a 5V input, adjust the 20-kft variable resistor for 
1 -MHz output. Repeat this procedure until both points 
are fixed. 

Any discussion of micropower circuitry is incomplete 
without mentioning switching regulators. Often you 
must efficiently convert battery voltages to other volt¬ 
ages to meet circuit requirements. Fig 6 shows a buck 
switching regulator with a quiescent current of 70 jjlA 
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Fig 5^—This VIF converter needs from 245 to 635 \iA to operate, but it will run at 1 MHz full scale. Linearity is 0.12% over 100 Hz to 1 MHz. 
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Xou should regard test instrumentation as 
an integral part of the circuit when evalu¬ 
ating any circuit design. 


and an output-current capability of 20 mA. When the 
output voltage drops (trace A, Fig 6b), the negative 
input of ICi also falls, causing its output (trace B) to 
rise. This turns on the paralleled 74C907 open-source 
buffers, and their outputs (trace C) consequently go 


high. Current increases through the inductor and main¬ 
tains the regulator output. When the output voltage 
rises a little, IC/s output goes low again, and the cycle 
repeats itself. 

In spite of line and load changes, this action main- 
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Fig 6—With a quiescent current drain of only 70 fxA and an output capability of 20 mA, this buck switching regulator can efficiently convert 
battery voltages to lower circuit-voltage requirements. 
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A linear postre^ulator can provide lower 
noise than a straight switching approach. 


tains a constant regulator output. The LT1004 serves as 
a reference, and the 5-pF capacitor ensures clean 
switching at ICi. The 2810 Schottky diode prevents 
negative overdrive caused by the 5-pF capacitor's dif¬ 
ferentiated response, and the 1N5817 catching diode 
prevents excessive inductor-caused negative voltages. 

The circuit's low quiescent current results from the 
LTlOlT's low operating current and the 74C907's low 
input-drive requirements. The circuit's resistor values 
are kept high to save current. IC 2 shuts down the 
regulator when output current exceeds 50 mA by 
comparing the voltage across the 0.2(1 shunt to the 
voltage across a resistively divided portion of the 


LT1004 reference. Excessive current drain trips IC 2 
high and so forces IC/s negative input high. This action 
removes drive from the 74C907 buffers and shuts down 
the regulator. Using a CMOS buffer as a pass switch for 
a switching regulator is unusual, but the results are 
quite good. Efficiencies as high as 90% are possible with 
an output current to 20 mA. 

Linear postregulator reduces noise 

Another buck switching regulator (Fig 7a) features a 
low-loss linear postregulator, a quiescent current of 40 
|jlA, and an output current to 50 mA. The LT1020 linear 
regulator provides lower noise than would a straight 
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TRACE 
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500 mSEC/DIV 
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10V/DIV 
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D 
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Fig 7—This buck switching regulator circuit includes a linear postregulator. Providing a smoother output and Lower noise than a straight 
switching regulator, this circuit has a quiescent current of only UO \xA and an output-current capability of 50 mA. 
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In many processor-based systems, it’s desir¬ 
able to monitor or control the power-down 
sequence. 


switching approach. It also offers internal current 
limiting and contains an auxiliary comparator that helps 
form the switching regulator in this circuit. 

The switching loop is similar to that of the previous 
circuit. A drop at the output of the switching regulator 
(pin 3 of the LT1020 regulator, trace A in Fig 7b) causes 
the LT1020's comparator to go low. The 74C04 inverter 
chain switches and so biases the gate of the p-channel 
MOSFET (trace B). The MOSFET turns on (trace C), 
delivering current to the inductor (trace D). When the 
voltage at the junction of the inductor and the 220-fxF 
capacitor goes high enough (trace A), the comparator 
switches high and turns off current flow in the 
MOSFET. This switching loop regulates the LT1020's 
input pin at a value set by the resistive divider at the 
comparator's negative input and the LT1020's 2.5V 
reference. The 680-pF capacitor stabilizes the loop, and 
the 1N5817 serves as the catching diode. The 270-pF 
capacitor aids comparator switching, and the 2810 
Schottky diode prevents negative overdrives. 

The low dropout LT1020 linear regulator smooths the 
switched output. The output voltage is set by the 
resistive divider connected to the feedback pin. A 
potential problem with this circuit involves start-up. 
The switching loop supplies the LT1020's input, but it 
relies on the LT1020's internal comparator to function. 
As a result, the circuit needs the start-up mechanism 



Fig 8—Using an LT1020 micropower regulator, this circuit is useful 
in processor-based systems to monitor or control the power-down 
sequence. It produces a logical-one output when the regulator drops 
out. 



Fig 9—Similar to Fig 8, this circuit turns the power off when 
dropout occurs, preventing unregulated supply conditions. 


provided by the 74C04 inverters. When power is ap¬ 
plied, the LT1020 receives no input, but the inverters 
do. The 220-kn resistor lifts the first inverter high, 
which causes the chain to switch and biases the 
MOSFET in order to start the circuit. The inverter's 
rail-to-rail swing also provides ideal MOSFET gate 
drive. 

Even though this circuit's 40-fxA quiescent current is 
lower than that of the circuit in Fig 6, it can source 
more current. The extremely low quiescent current is a 
result of the low LT1020 drain and the MOS elements. 
An efficiency exceeding 80% is possible, and an output 
current to 50 mA is available. 

Two other micropower regulators using the LT1020 
are shown in Fig 8 and Fig 9. In many processor-based 
systems, it's desirable to monitor or control the power¬ 
down sequence. The circuit in Fig 8 produces a logical- 
one output when the regulator begins to drop out—at 
low battery voltage, for example. Here, the 1-MfI 
feedback resistors program the regulator for a 5V 
output. The 0.001-fxF capacitor provides frequency 
compensation. The LT1020's internal comparator 
senses the difference between the chip's 2.5V reference 
(pin 4) and a sampled voltage derived from the pass- 
transistor current (pin 13). Just before dropout occurs, 
the LT1020's pass transistor goes toward saturation, 
raising the voltage at pin 13. This rise in voltage trips 
the comparator, whose output then goes high. You can 
use this signal to alert a processor whose power is about 
to go down. 
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Fig 9 is similar, except that this circuit turns the 
power completely off when dropout occurs, preventing 
unregulated supply conditions. The comparator feed¬ 
back arrangement is for a hysteretic response. The 
output turns off at dropout if 

TURN ON = ViN X p = 2 . 5 V. 

Ki "r K2 

This setup prevents gradual battery-voltage reapplica¬ 
tion, which can cause oscillation. EDN 
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Designer’s Guide to 
Switching Power Supplies 
Part 1 


Regulator IC speeds 
design of switching 
power supplies 


In part 1 of this 2-part series, you^ll learn 
about simple switching regulators and a 
technique for stabilizing switching-supply 
feedback loops. Part 2, scheduled for the 
November 26th issue, will pick up where 
this article leaves off and delve into more 
complex, isolated switching power supplies. 


Jim Williams, Linear Technology Corp 

Switching power supplies are among the most difficult 
circuits to design. Mysterious operational modes; sud¬ 
den, seemingly inexplicable failures; peculiar regula¬ 
tion characteristics; and just plain explosions are com¬ 
mon occurrences. Diodes conduct the wrong way. 
Things get hot that shouldn't. Capacitors act like resis¬ 
tors, fuses don't blow, and transistors do. The output is 
at ground, and the ground terminal shows volts of 
noise. 

In addition, there's the regulator’s feedback loop, 
sampled in nature and replete with uncertain phase 
shifts. And of course everything varies with line and 
load conditions. A glance through conference proceed¬ 
ings and available literature yields either an undigesti- 
ble store of mathematics or absurdly coy and simple 
little block diagrams that make everything look so easy. 


Most engineers who need switching supplies don’t 
require 98.2% efficiency or lOOW/in^ They aren’t trying 
to get tenure, and they don't care about inventing a new 
type of circuit. What they do want are concepts directly 
applicable to the construction of working circuits that 
use readily available parts. 

Standard parts ease startup 

The circuits in this article employ standard, off-the- 
shelf magnetics exclusively, because most of the prob¬ 
lems with switching power supplies center on the 
inductive components. The standard-magnetics ap¬ 
proach almost certainly precludes precisely optimized 
performance and may horrify some veteran switching- 
supply designers, but it also eliminates inductor-con¬ 
struction uncertainties, saves time, and greatly in¬ 
creases your chances of getting a design running. A 
functional circuit is much easier to work with—and get 
enthusiastic about—than the smoking carcass of a deci¬ 
mated breadboard. Although the characteristics of 
standard inductors aren’t optimal, it’s easier to evaluate 
the performance of a working circuit on an oscilloscope 
than to guess why you don’t see anything at all. 

Also, once your circuit is running, you can obtain an 
optimized version of the standard product from the 
inductor manufacturer. Generally, the manufacturer 
can more easily modify its standard product than start 
from scratch. The process of communicating and trans¬ 
lating circuit-performance requirements into inductor- 
construction details is tricky. Using standard products 
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Most engineers who want switching supplies 
don’t need 98.2% efficiency or lOOW/in^. 


as a starting point accelerates the dialogue and mini¬ 
mizes the number of iterations required for satisfactory 
results. Besides, the standard product will often suf¬ 
fice. 

Strictly speaking, it makes more sense to design an 
inductor to meet circuit requirements than to fashion a 
circuit around a standard inductor. Deliberately ignor¬ 
ing this point complicated the author's work considera¬ 
bly, but will hopefully simplify the reader's. (Ref 1 
discusses inductor design theory.) 

Start with a basic flyback supply 

Fig 1 shows a basic flyback supply using the LT1070 
switching-regulator IC (see box, ^'Switching supply 
improves duty-cycle control" for details of the LT1070.) 
The circuit converts a 5V input to a 12V output. Fig 2 
shows the voltage (trace A) and current (trace B) 
waveforms at the IC's Vsw pin. 

The Vsw output is the collector of a common-emitter 
npn transistor and pulls current through the 100-|xH 
inductor. The LT1070's internal oscillator sets the cir¬ 
cuit's 40-kHz repetition rate. During the time Vsw is 
low, the current flow through the inductor induces a 
magnetic field around the inductor. The amount of 
energy stored in this field is a function of the current 
level, how long the current flows, and the windings of 
the inductor and its core material. Control of the duty 
cycle of the Vsw’s base drive forces a constant 12V 
output. 

It's useful to think of the inductor as a bucket and the 
current flow as water pouring into it. The bucket's 
capacity—corresponding to the inductor's saturation 
limitations—sets the ultimate limit on energy storage. 



Fig 1—This basic flyback supply converts a 5V input to a 12V 
output. 


The applied voltage and the inductance of the wire 
limits the amount of energy that you can put into an 
inductor in a given time. The core characteristics limit 
the amount of energy that the inductor can store 
without saturating. 

If the inductor is in a feedback loop, such as in Fig 1, 
then changing load demands will control the energy put 
into the inductor. Fig 3 shows what happens when the 

Text continued on pg 198 
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Fig 2 — Trace A is the voltage, and trace B is the current waveform 
at the y.s'vr pin of the IC in Fig 1. 
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Fig 5 —This photo is the result of the same setup as Fig 2, but shows 
what happens when the output demand doubles. In this case, the duty 
cycle doesn't change appreciably, but current doubles. 
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Switching supply improves duty-cycle control 



Fig A—The LT1070 is a current-mode, switching-regulator 1C in which the switch 
current directly controls the switch's duty cycle. 


The LT1070 from Linear Tech¬ 
nology (Milpitas, CA) is a cur¬ 
rent-mode switching supply, 
which means that the switch 
current, rather than the output 
voltage, directly controls the 
switch’s duty cycle. The switch 
(Fig A) turns on at the start of 
each oscillator cycle, and turns 
off when the switch current 
reaches a predetermined level. A 
voltage-sensing error amplifier 
sets the cur rent-trip level, which 
thereby controls the output 
voltage. 

This technique has several ad¬ 
vantages. First, it responds im¬ 
mediately to input-voltage varia¬ 
tions, unlike ordinary switching 
power supplies, which have no¬ 
toriously poor line-transient re¬ 
sponse. Second, it reduces the 
90° phase shift at mid-frequen¬ 
cies in the energy-storage induc¬ 
tor. This lack of phase shift 
greatly simplifies closed-loop fre¬ 
quency compensation under 
widely varying input-voltage or 
output-load conditions. Finally, 
it allows simple pulse-by-pulse 
current limiting to provide maxi¬ 
mum switch protection under 
output-overload or short-circuit 
conditions. 

A low-dropout internal regula¬ 
tor provides a 2.3V supply for 
all of the LTlOTO's internal cir¬ 
cuitry. The low-dropout design 
allows the supply voltage to vary 
from 3 to 6V with virtually no 
change in device performance. A 
40-kHz oscillator is the basic 
clock for all internal timing. It 
turns on the output switch via 
the logic and driver circuitry. 
Special adaptive antisaturation 
circuitry detects the onset of 
saturation in the power switch 
and instantaneously adjusts 
driver current to limit switch 
saturation. This limiting mini¬ 
mizes driver dissipation and pro¬ 
vides very rapid turn-off of the 
switch. 

A 1.2V bandgap reference bi¬ 


ases the positive input of the 
error amplifier. The error ampli¬ 
fier’s negative input is brought 
out for output-voltage sensing. 
This feedback (FB) pin has a 
second function; when an exter¬ 
nal resistor pulls it low, it pro¬ 
grams the LT1070 to disconnect 
the main error-amplifier output 
and connects the output of the 
flyback amplifier to the compara¬ 
tor’s input. The LT1070 then 
regulates the value of the 
flyback pulse with respect to the 
supply voltage. 

This flyback pulse is directly 
proportional to the output volt¬ 
age in the traditional transform¬ 
er-coupled, flyback-topology 
supply. By regulating the ampli¬ 
tude of the flyback pulse, you 
can regulate the output voltage 
with no direct connection be¬ 
tween input and output. The 
output is fully floating to the 
maximum breakdown voltage of 
the transformer’s windings. You 
can easily obtain multiple float¬ 
ing outputs with additional 
windings. A delay network in¬ 
side the LT1070 ignores the 


leakage inductance spike at the 
leading edge of the flyback pulse 
to improve output regulation. 

The error signal developed at 
the comparator input is brought 
out externally. The pin (Vc) has 
four functions. You can use it for 
frequency compensation, cur¬ 
rent-limiting adjustment, soft- 
starting, and total regulator 
shutdown. During normal regu¬ 
lator operation, the pin sits at a 
voltage between 0.9V (low out¬ 
put current) and 2.0V (high out¬ 
put current). 

The error amplifiers are cur¬ 
rent-output (gM) types, so you 
can externally clamp the Vc 
pin’s voltage to adjust the cur¬ 
rent limit. Likewise, a capacitor- 
coupled external clamp provides 
the soft-start function. 

The switch duty cycle goes to 
zero if the Vc pin gets pulled to 
ground through a diode, which 
places the LT1070 in an idle 
mode. Pulling the Vc pin below 
0.15V causes total regulator 
shutdown—with only 50-|jlA sup¬ 
ply current required for biasing 
the shutdown circuitry. 
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Iterative procedure yields frequency compensation 



Fig A—You can use this setup to couple a load variatiofi mto the output of a switching 
supply and to observe the waveform of the supply's response to the load variation. 
Typically you set the amplitude of the generator's output to 5V p-p to generate a 100-mA 
p-p load variation. 


Although the architecture of the 
LT1070 switching-regulator IC is 
simple enough to allow a mathe¬ 
matical approach to frequency 
compensation, the added compli¬ 
cations of input/output filters, 
unknown capacitor ESR, and 
gross operating-point changes 
with input-voltage and load-cur- 
rent variations all suggest a 
more empirical method. Many 
hours spent on breadboards have 
shown that the simplest way to 
optimize the LTlOTO's frequency 
compensation is to use transient- 
response techniques (and resis¬ 
tor and capacitor decade boxes). 

You can inject a transient sig¬ 
nal into a switching supply in 
many ways, but the preferred 
method is to ac-couple a load 
variation into the supply's out¬ 
put. This technique avoids the 
injection-point loading problems 
that arise if you try to inject a 
transient into some internal 
node of the supply, and it is ap¬ 
plicable to all switching topo¬ 
logies. The only change neces¬ 
sary may be an amplitude 
adjustment to maintain small- 
signal conditions. 

Fig A shows a setup using 
this technique and a function 
generator with a 50ft output im¬ 
pedance, coupled through a 50ft/ 
1000-pF series RC network to 
the supply's output. The genera¬ 
tor frequency is noncritical, but 
a good starting point is 50 Hz. 
Lower frequencies can cause an 
annoying, blinking scope dis¬ 
play, and higher frequencies 
may not allow sufficient settling 
time for the output transient. 
Typically you set the amplitude 


of the generator's output to 5V 
p-p to generate a 100-mA p-p 
load variation. 

For lightly loaded outputs 
(IouT<100 mA), this initial level 
can prove too high for small-sig¬ 
nal response. If the positive- and 
negative-transition settling 
waveforms differ from each 
other significantly, you should 
reduce the amplitude. The actual 
amplitude is not particularly im¬ 
portant because the shape of the 
resulting supply-output wave¬ 
form is what indicates loop sta¬ 
bility. 

A 2-pole oscilloscope filter 
(f=10 kHz) blocks the switching 
frequencies. You need this filter 
because regulators without addi¬ 
tional LC output filters have 
switching-frequency signals at 
their outputs, which may have 
much higher amplitude than the 
low-frequency settling waveform 
to be studied. The filter frequen¬ 
cy is high enough to pass the 
settling waveform with no dis¬ 
tortion. You should connect the 


scope and generator exactly as 
shown in Fig A to prevent 
ground-loop errors. Connecting 
the channel B probe to the gen¬ 
erator, with the ground clip con¬ 
nected to exactly the same place 
as the channel A ground, syn¬ 
chronizes the oscilloscope. 

You shouldn't use the sync 
output of the generator to syn¬ 
chronize the scope because of 
ground-loop errors. You may 
also have to isolate either the 
generator or the oscilloscope 
from its third-wire (earth- 
ground) power-plug connection 
to prevent ground-loop errors in 
the scope display. Connecting 
the channel A probe tip to exact¬ 
ly the same point as the probe's 
ground clip reveals ground-loop 
errors; any activity on channel A 
while it's shorted indicates a 
ground-loop problem. 

Once you've made the proper 
setup, finding the optimal value 
for the frequency-compensation 
network is fairly straightfor¬ 
ward. Initially, you make C 2 
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Fig B — Using the setup in Fig you should be able to optimize the compensation- 
network component values in accordance with the wave shapes shown here. 


large (>2 jxF), and R 3 small (^-'1 
kO). This compensation nearly 
always ensures that the supply 
will be stable enough to begin 
working. 

Next, if the supply's output 
waveform is overdamped (see 
the waveforms in Fig B), you 
reduce the value of C 2 in steps of 
about 2:1 until the response be¬ 
comes slightly underdamped. 
Next, you increase Rg in steps of 
2:1 to introduce a loop zero. This 
zero will normally improve 
damping and allow you to reduce 
the value of C 2 further. Shifting 
back and forth between R 3 and 
C 2 variations will allow you to 
quickly find the optimal values 
for these components. 

If the supply’s response is 
underdamped with the initial 
large value of C 2 , you should in¬ 
crease R 3 immediately and try 
larger values for C 2 . Increasing 
R 3 will normally bring about the 
overdamped starting condition 


for further iterations. 

Just what do ‘‘optimal values" 
for R 3 and C 2 really mean? Nor¬ 
mally they mean the smallest 
value for C 2 and the largest 
value for R 3 that will still guar¬ 
antee no loop oscillations and 
that will result in loop settling 
that is as rapid as possible. The 
reason behind this criterion is 
that it minimizes the variations 
in output voltage due to input- 
ripple voltages and output-load 
transients. 

A switching supply that is 
grossly overdamped will never 
oscillate, but it may have unac¬ 
ceptably large output transients 
following sudden changes in 
input voltage or output loading. 
It can also suffer from excessive 
overshoot problems during start¬ 
up or short-circuit recovery. 

To guarantee acceptable loop 
stability under all conditions, 
you should check the final values 
chosen for R 3 and C 2 for all com¬ 


binations of input voltage and 
load current. The simplest way 
to accomplish this goal is to 
apply minimum and maximum 
load currents—and several inter¬ 
mediate load currents. At each 
load-current level, vary the 
input voltage from minimum to 
maximum while observing the 
settling waveform. 

These additional “worst-case" 
experiments are definitely nec¬ 
essary. Switching supplies, un¬ 
like linear supplies, have large 
shifts in loop gain and phase 
with changes in operating condi¬ 
tions. If you expect large temp¬ 
erature variations for the sup¬ 
ply, you should also make 
stability checks at the tempera¬ 
ture extremes. Significant temp¬ 
erature variations in any of sev¬ 
eral key component parameters 
can affect stability—in particu¬ 
lar, input and output capacitor 
values, their ESRs, and inductor 
permeability. 

The LTlOTO’s parametric vari¬ 
ations also require some consid¬ 
eration. The error amplifier gM 
affects loop stability as does the 
transfer function of the Vc pin 
voltage vs switch current (listed 
as transconductance in the de¬ 
vice's data sheet). For modest 
temperature variations, conser¬ 
vative overdamping under worst- 
case temperature conditions is 
usually sufficient to guarantee 
adequate stability at all temper¬ 
atures. Note that, if you include 
external amplifiers or other ac¬ 
tive devices in the feedback loop, 
you must include their effects 
when stabilizing the loop. 
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The circuits employ a switchinpi-repiulator 
IC and only standard, off-the-shelf 
magnetics. 


output demand doubles. In this case, the duty cycle 
doesn’t change much, but current doubles. 

This current doubling requires the inductor to store 
more energy. If it can’t meet the storage requirement 
—that is, if it saturates and cannot hold any more 
magnetic flux—then it will cease to be inductive. At 
this point, the resistance of the wire is all that limits 
current flow. The current then rapidly builds to exces¬ 
sive and destructive values. 

At the end of each inductor current-charge cycle, 
current flow in the inductor ceases, and the magnetic 
field around it abruptly collapses. The Vsw pin rises 
rapidly to a voltage higher than the 5V input. This 
“flyback” action gives the regulator both its voltage- 
boost characteristics and its name. 

In this circuit, the flyback pulse’s voltage clamps to a 
level just above the output voltage, because the flyback 
pulse gets steered through the Schottky diode to the 
output. The 470-|xF capacitor integrates the repetitive 
flyback pulses, providing the circuit’s dc output. 

The feedback pin (FB) samples this output via the 
10.7-kll/1.24-kll divider. The LT1070 compares the 


feedback-pin voltage to its internal 1.24V reference and 
controls the Vsw pin’s duty cycle, closing the feedback 
loop. Because the LT1070 is trying to force its feedback 
pin to 1.24V, by varying the divider’s values you set the 
circuit’s output voltage. 

Stability compensation is necessary 

All feedback loops require some form of stability 
compensation (Ref 2), and the LT1070 is no exception. 
Its voltage-gain characteristic, combined with the sub¬ 
stantial phase shift of the switching circuit, guarantees 
unwanted oscillation unless you provide for compensa¬ 
tion. The large output capacitor smoothes the output to 
dc, but it also creates more phase shift. To complicate 
matters, the load, which can vary, further influences 
the phase characteristics. 

In Fig 1, the l-kll/l-|xF combination at the Vc 
compensation pin provides roll-off of the circuit’s re¬ 
sponse, furnishing stable compensation for all operating 
conditions. (See box, “Iterative procedure yields fre¬ 
quency compensation” for details and suggestions for 
achieving stability in switching-regulator loops.) 
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The majority of the problems you^ll encoun¬ 
ter with switching supplies involves their 
inductive components. 


As innocent as Fig 1 appears, odd and seemingly 
inexplicable problems will arise. Note that the ground 
connection appears at the ground pin, as opposed to its 
normal location at the bottom of the diagram. This 
unconventional location is deliberate because you must 
make the supply- and load-return connections at the 
GND pin. You musnT allow the high-speed, high-cur¬ 
rent returns from the output transistor’s emitter (the 
“other end” of the Vsw pin) to mix with the small 
currents of the output divider or the Vc pin. Such 
mixing can promote poor regulation, unstable opera¬ 
tion, or outright oscillation. 

The 22-fxF bypass capacitor ensures clean local power 
for the LT1070, even during the fast, high-current drain 
periods when Vsw turns on. The bypass capacitor 
should have good high-frequency characteristics (a tan¬ 
talum or aluminum type, for example, paralleled by a 
disc-ceramic type). 

Flyback supply for telecommunications 

Fig 4’s circuit is operationally similar to Fig Fs, but 
is suitable for telecommunications applications. A raw 
telecommunications supply is nominally -48V, but can 
vary from -40 to -GOV. Although the chip’s Vsw pin 
can handle this voltage range, the Vin pin requires 
protection (Vmax=60V). Qi and the 30V zener diode 
serve this purpose, dropping the input voltage to about 
-17V at the Vin pin under all line conditions. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

500 nSEC/DIV 

B 

2A/DIV 

500 nSEC/DIV 


5 —Trace A is the voltage, and trace B is the current at the Vsw 
of the circuit in Fig 4. The ripples in the current trace are due to a 
'^onoptimal breadboard layout. Inductor ringing during turn-off 
jrace A) is characteristic of flyback configurations. _ 


Here, the “top” of the inductor is at ground, and the 
ground pin is at -48V. The feedback pin senses with 
respect to the ground pin, so the circuit needs a level 
shift from the 5V output. Q 2 accomplishes this function 
and introduces only -2-mV/°C drift. This drift is 
normally not objectionable in a logic power supply, but 
you can compensate for it with an appropriately scaled 
diode-resistor combination across the 1.2-kH resistor. 

Frequency compensation is similar to that of Fig 1. 
Note that a low ESR (equivalent series resistance) 
capacitor provides less phase shift, permitting faster 
loop response because of a reduced compensation time 
constant. The 68V zener diode clamps and absorbs 
excessive line transients that might otherwise damage 
the LT1070 (Vsw is 75V max). 

Fig 5 shows operation waveforms for Fig 4’s Vsw pin. 
Trace A is the voltage, and trace B is the current. 
Switching characteristics are fast and clean. The rip¬ 
ples in the current trace are due to nonoptimal bread¬ 
board layout (ground as I say, not as I do). Inductor 
ringing during turn-off (trace A) is characteristic of 
flyback configurations. EDN 
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Designer’s Guide to 
Switching Power Supplies 
Part 1 


Regulator IC speeds 
design of switching 
power supplies 


In part 1 of this 2-part series, you^ll learn 
about simple switching regulators and a 
technique for stabilizing switching-supply 
feedback loops. Part 2, scheduled for the 
November 26th issue, will pick up where 
this article leaves off and delve into more 
complex, isolated switching power supplies. 


Jim Williams, Linear Technology Corp 

Switching power supplies are among the most difficult 
circuits to design. Mysterious operational modes; sud¬ 
den, seemingly inexplicable failures; peculiar regula¬ 
tion characteristics; and just plain explosions are com¬ 
mon occurrences. Diodes conduct the wrong way. 
Things get hot that shouldn't. Capacitors act like resis¬ 
tors, fuses don't blow, and transistors do. The output is 
at ground, and the ground terminal shows volts of 
noise. 

In addition, there's the regulator’s feedback loop, 
sampled in nature and replete with uncertain phase 
shifts. And of course everything varies with line and 
load conditions. A glance through conference proceed¬ 
ings and available literature yields either an undigesti- 
ble store of mathematics or absurdly coy and simple 
little block diagrams that make everything look so easy. 


Most engineers who need switching supplies don’t 
require 98.2% efficiency or lOOW/in^ They aren’t trying 
to get tenure, and they don't care about inventing a new 
type of circuit. What they do want are concepts directly 
applicable to the construction of working circuits that 
use readily available parts. 

Standard parts ease startup 

The circuits in this article employ standard, off-the- 
shelf magnetics exclusively, because most of the prob¬ 
lems with switching power supplies center on the 
inductive components. The standard-magnetics ap¬ 
proach almost certainly precludes precisely optimized 
performance and may horrify some veteran switching- 
supply designers, but it also eliminates inductor-con¬ 
struction uncertainties, saves time, and greatly in¬ 
creases your chances of getting a design running. A 
functional circuit is much easier to work with—and get 
enthusiastic about—than the smoking carcass of a deci¬ 
mated breadboard. Although the characteristics of 
standard inductors aren’t optimal, it’s easier to evaluate 
the performance of a working circuit on an oscilloscope 
than to guess why you don’t see anything at all. 

Also, once your circuit is running, you can obtain an 
optimized version of the standard product from the 
inductor manufacturer. Generally, the manufacturer 
can more easily modify its standard product than start 
from scratch. The process of communicating and trans¬ 
lating circuit-performance requirements into inductor- 
construction details is tricky. Using standard products 
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Most engineers who want switching supplies 
don’t need 98.2% efficiency or lOOW/in^. 


as a starting point accelerates the dialogue and mini¬ 
mizes the number of iterations required for satisfactory 
results. Besides, the standard product will often suf¬ 
fice. 

Strictly speaking, it makes more sense to design an 
inductor to meet circuit requirements than to fashion a 
circuit around a standard inductor. Deliberately ignor¬ 
ing this point complicated the author's work considera¬ 
bly, but will hopefully simplify the reader's. (Ref 1 
discusses inductor design theory.) 

Start with a basic flyback supply 

Fig 1 shows a basic flyback supply using the LT1070 
switching-regulator IC (see box, ^'Switching supply 
improves duty-cycle control" for details of the LT1070.) 
The circuit converts a 5V input to a 12V output. Fig 2 
shows the voltage (trace A) and current (trace B) 
waveforms at the IC's Vsw pin. 

The Vsw output is the collector of a common-emitter 
npn transistor and pulls current through the 100-|xH 
inductor. The LT1070's internal oscillator sets the cir¬ 
cuit's 40-kHz repetition rate. During the time Vsw is 
low, the current flow through the inductor induces a 
magnetic field around the inductor. The amount of 
energy stored in this field is a function of the current 
level, how long the current flows, and the windings of 
the inductor and its core material. Control of the duty 
cycle of the Vsw’s base drive forces a constant 12V 
output. 

It's useful to think of the inductor as a bucket and the 
current flow as water pouring into it. The bucket's 
capacity—corresponding to the inductor's saturation 
limitations—sets the ultimate limit on energy storage. 



Fig 1—This basic flyback supply converts a 5V input to a 12V 
output. 


The applied voltage and the inductance of the wire 
limits the amount of energy that you can put into an 
inductor in a given time. The core characteristics limit 
the amount of energy that the inductor can store 
without saturating. 

If the inductor is in a feedback loop, such as in Fig 1, 
then changing load demands will control the energy put 
into the inductor. Fig 3 shows what happens when the 

Text continued on pg 198 
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Fig 2 — Trace A is the voltage, and trace B is the current waveform 
at the y.s'vr pin of the IC in Fig 1. 
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Fig 5 —This photo is the result of the same setup as Fig 2, but shows 
what happens when the output demand doubles. In this case, the duty 
cycle doesn't change appreciably, but current doubles. 
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Switching supply improves duty-cycle control 



Fig A—The LT1070 is a current-mode, switching-regulator 1C in which the switch 
current directly controls the switch's duty cycle. 


The LT1070 from Linear Tech¬ 
nology (Milpitas, CA) is a cur¬ 
rent-mode switching supply, 
which means that the switch 
current, rather than the output 
voltage, directly controls the 
switch’s duty cycle. The switch 
(Fig A) turns on at the start of 
each oscillator cycle, and turns 
off when the switch current 
reaches a predetermined level. A 
voltage-sensing error amplifier 
sets the cur rent-trip level, which 
thereby controls the output 
voltage. 

This technique has several ad¬ 
vantages. First, it responds im¬ 
mediately to input-voltage varia¬ 
tions, unlike ordinary switching 
power supplies, which have no¬ 
toriously poor line-transient re¬ 
sponse. Second, it reduces the 
90° phase shift at mid-frequen¬ 
cies in the energy-storage induc¬ 
tor. This lack of phase shift 
greatly simplifies closed-loop fre¬ 
quency compensation under 
widely varying input-voltage or 
output-load conditions. Finally, 
it allows simple pulse-by-pulse 
current limiting to provide maxi¬ 
mum switch protection under 
output-overload or short-circuit 
conditions. 

A low-dropout internal regula¬ 
tor provides a 2.3V supply for 
all of the LTlOTO's internal cir¬ 
cuitry. The low-dropout design 
allows the supply voltage to vary 
from 3 to 6V with virtually no 
change in device performance. A 
40-kHz oscillator is the basic 
clock for all internal timing. It 
turns on the output switch via 
the logic and driver circuitry. 
Special adaptive antisaturation 
circuitry detects the onset of 
saturation in the power switch 
and instantaneously adjusts 
driver current to limit switch 
saturation. This limiting mini¬ 
mizes driver dissipation and pro¬ 
vides very rapid turn-off of the 
switch. 

A 1.2V bandgap reference bi¬ 


ases the positive input of the 
error amplifier. The error ampli¬ 
fier’s negative input is brought 
out for output-voltage sensing. 
This feedback (FB) pin has a 
second function; when an exter¬ 
nal resistor pulls it low, it pro¬ 
grams the LT1070 to disconnect 
the main error-amplifier output 
and connects the output of the 
flyback amplifier to the compara¬ 
tor’s input. The LT1070 then 
regulates the value of the 
flyback pulse with respect to the 
supply voltage. 

This flyback pulse is directly 
proportional to the output volt¬ 
age in the traditional transform¬ 
er-coupled, flyback-topology 
supply. By regulating the ampli¬ 
tude of the flyback pulse, you 
can regulate the output voltage 
with no direct connection be¬ 
tween input and output. The 
output is fully floating to the 
maximum breakdown voltage of 
the transformer’s windings. You 
can easily obtain multiple float¬ 
ing outputs with additional 
windings. A delay network in¬ 
side the LT1070 ignores the 


leakage inductance spike at the 
leading edge of the flyback pulse 
to improve output regulation. 

The error signal developed at 
the comparator input is brought 
out externally. The pin (Vc) has 
four functions. You can use it for 
frequency compensation, cur¬ 
rent-limiting adjustment, soft- 
starting, and total regulator 
shutdown. During normal regu¬ 
lator operation, the pin sits at a 
voltage between 0.9V (low out¬ 
put current) and 2.0V (high out¬ 
put current). 

The error amplifiers are cur¬ 
rent-output (gM) types, so you 
can externally clamp the Vc 
pin’s voltage to adjust the cur¬ 
rent limit. Likewise, a capacitor- 
coupled external clamp provides 
the soft-start function. 

The switch duty cycle goes to 
zero if the Vc pin gets pulled to 
ground through a diode, which 
places the LT1070 in an idle 
mode. Pulling the Vc pin below 
0.15V causes total regulator 
shutdown—with only 50-|jlA sup¬ 
ply current required for biasing 
the shutdown circuitry. 
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Iterative procedure yields frequency compensation 



Fig A—You can use this setup to couple a load variatiofi mto the output of a switching 
supply and to observe the waveform of the supply's response to the load variation. 
Typically you set the amplitude of the generator's output to 5V p-p to generate a 100-mA 
p-p load variation. 


Although the architecture of the 
LT1070 switching-regulator IC is 
simple enough to allow a mathe¬ 
matical approach to frequency 
compensation, the added compli¬ 
cations of input/output filters, 
unknown capacitor ESR, and 
gross operating-point changes 
with input-voltage and load-cur- 
rent variations all suggest a 
more empirical method. Many 
hours spent on breadboards have 
shown that the simplest way to 
optimize the LTlOTO's frequency 
compensation is to use transient- 
response techniques (and resis¬ 
tor and capacitor decade boxes). 

You can inject a transient sig¬ 
nal into a switching supply in 
many ways, but the preferred 
method is to ac-couple a load 
variation into the supply's out¬ 
put. This technique avoids the 
injection-point loading problems 
that arise if you try to inject a 
transient into some internal 
node of the supply, and it is ap¬ 
plicable to all switching topo¬ 
logies. The only change neces¬ 
sary may be an amplitude 
adjustment to maintain small- 
signal conditions. 

Fig A shows a setup using 
this technique and a function 
generator with a 50ft output im¬ 
pedance, coupled through a 50ft/ 
1000-pF series RC network to 
the supply's output. The genera¬ 
tor frequency is noncritical, but 
a good starting point is 50 Hz. 
Lower frequencies can cause an 
annoying, blinking scope dis¬ 
play, and higher frequencies 
may not allow sufficient settling 
time for the output transient. 
Typically you set the amplitude 


of the generator's output to 5V 
p-p to generate a 100-mA p-p 
load variation. 

For lightly loaded outputs 
(IouT<100 mA), this initial level 
can prove too high for small-sig¬ 
nal response. If the positive- and 
negative-transition settling 
waveforms differ from each 
other significantly, you should 
reduce the amplitude. The actual 
amplitude is not particularly im¬ 
portant because the shape of the 
resulting supply-output wave¬ 
form is what indicates loop sta¬ 
bility. 

A 2-pole oscilloscope filter 
(f=10 kHz) blocks the switching 
frequencies. You need this filter 
because regulators without addi¬ 
tional LC output filters have 
switching-frequency signals at 
their outputs, which may have 
much higher amplitude than the 
low-frequency settling waveform 
to be studied. The filter frequen¬ 
cy is high enough to pass the 
settling waveform with no dis¬ 
tortion. You should connect the 


scope and generator exactly as 
shown in Fig A to prevent 
ground-loop errors. Connecting 
the channel B probe to the gen¬ 
erator, with the ground clip con¬ 
nected to exactly the same place 
as the channel A ground, syn¬ 
chronizes the oscilloscope. 

You shouldn't use the sync 
output of the generator to syn¬ 
chronize the scope because of 
ground-loop errors. You may 
also have to isolate either the 
generator or the oscilloscope 
from its third-wire (earth- 
ground) power-plug connection 
to prevent ground-loop errors in 
the scope display. Connecting 
the channel A probe tip to exact¬ 
ly the same point as the probe's 
ground clip reveals ground-loop 
errors; any activity on channel A 
while it's shorted indicates a 
ground-loop problem. 

Once you've made the proper 
setup, finding the optimal value 
for the frequency-compensation 
network is fairly straightfor¬ 
ward. Initially, you make C 2 
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Fig B — Using the setup in Fig you should be able to optimize the compensation- 
network component values in accordance with the wave shapes shown here. 


large (>2 jxF), and R 3 small (^-'1 
kO). This compensation nearly 
always ensures that the supply 
will be stable enough to begin 
working. 

Next, if the supply's output 
waveform is overdamped (see 
the waveforms in Fig B), you 
reduce the value of C 2 in steps of 
about 2:1 until the response be¬ 
comes slightly underdamped. 
Next, you increase Rg in steps of 
2:1 to introduce a loop zero. This 
zero will normally improve 
damping and allow you to reduce 
the value of C 2 further. Shifting 
back and forth between R 3 and 
C 2 variations will allow you to 
quickly find the optimal values 
for these components. 

If the supply’s response is 
underdamped with the initial 
large value of C 2 , you should in¬ 
crease R 3 immediately and try 
larger values for C 2 . Increasing 
R 3 will normally bring about the 
overdamped starting condition 


for further iterations. 

Just what do ‘‘optimal values" 
for R 3 and C 2 really mean? Nor¬ 
mally they mean the smallest 
value for C 2 and the largest 
value for R 3 that will still guar¬ 
antee no loop oscillations and 
that will result in loop settling 
that is as rapid as possible. The 
reason behind this criterion is 
that it minimizes the variations 
in output voltage due to input- 
ripple voltages and output-load 
transients. 

A switching supply that is 
grossly overdamped will never 
oscillate, but it may have unac¬ 
ceptably large output transients 
following sudden changes in 
input voltage or output loading. 
It can also suffer from excessive 
overshoot problems during start¬ 
up or short-circuit recovery. 

To guarantee acceptable loop 
stability under all conditions, 
you should check the final values 
chosen for R 3 and C 2 for all com¬ 


binations of input voltage and 
load current. The simplest way 
to accomplish this goal is to 
apply minimum and maximum 
load currents—and several inter¬ 
mediate load currents. At each 
load-current level, vary the 
input voltage from minimum to 
maximum while observing the 
settling waveform. 

These additional “worst-case" 
experiments are definitely nec¬ 
essary. Switching supplies, un¬ 
like linear supplies, have large 
shifts in loop gain and phase 
with changes in operating condi¬ 
tions. If you expect large temp¬ 
erature variations for the sup¬ 
ply, you should also make 
stability checks at the tempera¬ 
ture extremes. Significant temp¬ 
erature variations in any of sev¬ 
eral key component parameters 
can affect stability—in particu¬ 
lar, input and output capacitor 
values, their ESRs, and inductor 
permeability. 

The LTlOTO’s parametric vari¬ 
ations also require some consid¬ 
eration. The error amplifier gM 
affects loop stability as does the 
transfer function of the Vc pin 
voltage vs switch current (listed 
as transconductance in the de¬ 
vice's data sheet). For modest 
temperature variations, conser¬ 
vative overdamping under worst- 
case temperature conditions is 
usually sufficient to guarantee 
adequate stability at all temper¬ 
atures. Note that, if you include 
external amplifiers or other ac¬ 
tive devices in the feedback loop, 
you must include their effects 
when stabilizing the loop. 
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The circuits employ a switchinpi-repiulator 
IC and only standard, off-the-shelf 
magnetics. 


output demand doubles. In this case, the duty cycle 
doesn’t change much, but current doubles. 

This current doubling requires the inductor to store 
more energy. If it can’t meet the storage requirement 
—that is, if it saturates and cannot hold any more 
magnetic flux—then it will cease to be inductive. At 
this point, the resistance of the wire is all that limits 
current flow. The current then rapidly builds to exces¬ 
sive and destructive values. 

At the end of each inductor current-charge cycle, 
current flow in the inductor ceases, and the magnetic 
field around it abruptly collapses. The Vsw pin rises 
rapidly to a voltage higher than the 5V input. This 
“flyback” action gives the regulator both its voltage- 
boost characteristics and its name. 

In this circuit, the flyback pulse’s voltage clamps to a 
level just above the output voltage, because the flyback 
pulse gets steered through the Schottky diode to the 
output. The 470-|xF capacitor integrates the repetitive 
flyback pulses, providing the circuit’s dc output. 

The feedback pin (FB) samples this output via the 
10.7-kll/1.24-kll divider. The LT1070 compares the 


feedback-pin voltage to its internal 1.24V reference and 
controls the Vsw pin’s duty cycle, closing the feedback 
loop. Because the LT1070 is trying to force its feedback 
pin to 1.24V, by varying the divider’s values you set the 
circuit’s output voltage. 

Stability compensation is necessary 

All feedback loops require some form of stability 
compensation (Ref 2), and the LT1070 is no exception. 
Its voltage-gain characteristic, combined with the sub¬ 
stantial phase shift of the switching circuit, guarantees 
unwanted oscillation unless you provide for compensa¬ 
tion. The large output capacitor smoothes the output to 
dc, but it also creates more phase shift. To complicate 
matters, the load, which can vary, further influences 
the phase characteristics. 

In Fig 1, the l-kll/l-|xF combination at the Vc 
compensation pin provides roll-off of the circuit’s re¬ 
sponse, furnishing stable compensation for all operating 
conditions. (See box, “Iterative procedure yields fre¬ 
quency compensation” for details and suggestions for 
achieving stability in switching-regulator loops.) 
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The majority of the problems you^ll encoun¬ 
ter with switching supplies involves their 
inductive components. 


As innocent as Fig 1 appears, odd and seemingly 
inexplicable problems will arise. Note that the ground 
connection appears at the ground pin, as opposed to its 
normal location at the bottom of the diagram. This 
unconventional location is deliberate because you must 
make the supply- and load-return connections at the 
GND pin. You musnT allow the high-speed, high-cur¬ 
rent returns from the output transistor’s emitter (the 
“other end” of the Vsw pin) to mix with the small 
currents of the output divider or the Vc pin. Such 
mixing can promote poor regulation, unstable opera¬ 
tion, or outright oscillation. 

The 22-fxF bypass capacitor ensures clean local power 
for the LT1070, even during the fast, high-current drain 
periods when Vsw turns on. The bypass capacitor 
should have good high-frequency characteristics (a tan¬ 
talum or aluminum type, for example, paralleled by a 
disc-ceramic type). 

Flyback supply for telecommunications 

Fig 4’s circuit is operationally similar to Fig Fs, but 
is suitable for telecommunications applications. A raw 
telecommunications supply is nominally -48V, but can 
vary from -40 to -GOV. Although the chip’s Vsw pin 
can handle this voltage range, the Vin pin requires 
protection (Vmax=60V). Qi and the 30V zener diode 
serve this purpose, dropping the input voltage to about 
-17V at the Vin pin under all line conditions. 



TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

500 nSEC/DIV 

B 

2A/DIV 

500 nSEC/DIV 


5 —Trace A is the voltage, and trace B is the current at the Vsw 
of the circuit in Fig 4. The ripples in the current trace are due to a 
'^onoptimal breadboard layout. Inductor ringing during turn-off 
jrace A) is characteristic of flyback configurations. _ 


Here, the “top” of the inductor is at ground, and the 
ground pin is at -48V. The feedback pin senses with 
respect to the ground pin, so the circuit needs a level 
shift from the 5V output. Q 2 accomplishes this function 
and introduces only -2-mV/°C drift. This drift is 
normally not objectionable in a logic power supply, but 
you can compensate for it with an appropriately scaled 
diode-resistor combination across the 1.2-kH resistor. 

Frequency compensation is similar to that of Fig 1. 
Note that a low ESR (equivalent series resistance) 
capacitor provides less phase shift, permitting faster 
loop response because of a reduced compensation time 
constant. The 68V zener diode clamps and absorbs 
excessive line transients that might otherwise damage 
the LT1070 (Vsw is 75V max). 

Fig 5 shows operation waveforms for Fig 4’s Vsw pin. 
Trace A is the voltage, and trace B is the current. 
Switching characteristics are fast and clean. The rip¬ 
ples in the current trace are due to nonoptimal bread¬ 
board layout (ground as I say, not as I do). Inductor 
ringing during turn-off (trace A) is characteristic of 
flyback configurations. EDN 
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Designer’s Guide to 
Switching Power Supplies 
Part 2 


Galvanically isolated 
switching supplies 
provide high power 


Part 1 of this 2-part series dealt with sim¬ 
ple switching power supplies and described a 
“cut and try” approach for stabilizing a 
supply^s feedback loop. The conclusion offers 
advice on desipfnin^ more complicated 
switching supplies, ones with isolated 
outputs. 


Jim Williams, Linear Technology Corp 

The fundamental difference between the switching sup¬ 
ply in Fig 1 and the circuits presented in Part 1 (Ref 1) 
is that Fig I’s output is galvanically isolated from its 
input—often a requirement for telecommunications 
equipment. Such isolation necessitates a transformer 
rather than a simple 2 -terminal inductor, and also 
requires that feedback passes to the regulator across a 
nonconducting path. The requirement for a transformer 
complicates the circuit’s start-up and switching charac¬ 
teristics, and the need for isolated feedback complicates 
frequency compensation. 

In this circuit, the Vin pin receives power from a 
transformer winding. Obviously, the winding can’t sup¬ 
ply power at start-up because the circuit isn’t function¬ 
ing. QrQ 4 solves this power-up problem. When you 
apply power to the supply, Qs can’t conduct because the 


LT1071 doesn’t have any power going to it. Qi, Qa 
(which functions as a zener diode in this circuit), and Q 3 
are off. Under these conditions, Q 4 is on, pulling the Vc 
pin down and strobing off the LT1071. (The circuits in 
this article use the lower-current, lower-cost LT1071, 
rather than the LT1070 used in Part 1.) 

The potential at Qi’s emitter slowly rises as the 
10 -kn/ 100 -|iF combination charges. When Qi’s emitter 
rises high enough, Qi turns on. Zener-connected Qa 
conducts when the voltage across it is about 7V, biasing 
Q 3 on. Qi then sees regenerative feedback, which turns 
on Q 3 harder. As Q 3 turns on, it cuts off Q 4 , allowing the 
Vc pin to rise and turning on the LT1071. 

Soft-start characteristic helps 

The 10 -jxF/diode combination limits the rate of rise at 
the Vc pin and forces the Vc pin to come up slowly, 
providing a soft-start characteristic. This delay pre¬ 
vents start-up at starved or unstable Vin voltages, 
which could cause erratic or destructive modes of 
operation. The lOOft/diode string discharges the 10 -p-F 
capacitor on removal of circuit input power. 

When start-up does occur, the transformer feeds the 
Vin pin with dc via the 50fi resistor and the MUR120 
rectifier diode. The 50(1 resistor combines with the 
100-|xF capacitor to provide good ripple and transient 
filtering. This voltage is ample to run the LT1071 and 
reduces the current through the 10 -kfl resistor, saving 
power. Qi, Q 2 , and Q 3 remain on, biasing Q 4 to permit 
operation of the LT1071. 
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With transformers, unlike inductors, all of 
the flyback ener£iy doesn^t end up in the 
output capacitor. 


In the flyback circuits described in the first part of 
this article, the Vsw pin drove the inductor directly. 
The output capacitor clamped the output voltage and 
dumped the flyback energy directly into the output 
capacitor; excessive voltages did not occur. In Fig 1, 
however, a transformer takes the place of the inductor, 
and its flyback characteristics are different from a 
simple 2-terminal inductor. 

In the case of the transformer, all the flyback energy 
doesn’t end up in the output capacitor. Substantial 
flyback-voltage spikes (>100V) appear across the 
transformer’s primary. 


Certain measures prevent these spikes from destroy^ 
ing the circuit. The 0.47-p-F/2-kft/diode combination 
across the transformer’s primary (a damper network) 
conducts during the flyback action, which loads th^ 
transformer’s primary and minimizes flyback ampli¬ 
tude. You have to select the damper network’s values 
empirically, and you have to weigh the damping effec¬ 
tiveness vs the power dissipation in the damper net¬ 
work. Very low resistance values markedly reduce 
flyback potential, but cause excessive dissipation. High 
damping-resistor values limit dissipation, but allow 
excessive flyback voltages. You should select the damp- 
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er values under fully loaded conditions because flyback 
energy is proportional to transformer power levels. 

Even with the damper network, however, the flyback 
voltage is too high for the LTlOTl’s output transistor. 
Q 5 , in series with the LTlOTl's output transistor, pre¬ 
vents the LT1071 from seeing the high voltage. In this 
configuration, sometimes called a cascode, Qs’s high 
standoff rating blocks the high voltage and lets the 
LT1071 operate well within its breakdovm limits. 

Parasitics pass spikes 

Q 5 confers mixed blessings, though. Large parasitic 
capacitances are associated with all its terminals and 
during switching, these capacitances can allow exces¬ 
sive transient voltages to appear in unexpected places. 
The 18V zener diode guarantees against gate-source 
breakdown (Vgs max=20V), and the MUR 120 diode 
clamps the Vsw pin to the Vin potential. 

The transformer’s secondary gets rectified and fil¬ 
tered to produce the 5V output. This output is galvani¬ 
cally isolated from the circuit’s input. To preserve 
isolation, the feedback path must also be galvanically 
isolated. ICi, the optoisolator (4N28), and associated 
components serve this purpose. ICi, powered by the 5V 
output, compares a resistively sampled portion of the 
output with the LT1004 1 . 2 V reference. Operating at a 
gain of 200, it drives the optoisolator’s LED. 

The optoisolator’s output transistor, in turn, biases 
the LT107rs Vc pin, closing the regulation loop. The 
ICi/optoisolator combination essentially bypasses the 
feedback amplifier inside the LT1071. Normally, the 
drift of the optoisolator’s transmission characteristics 
over time and temperature would result in unstable 
feedback. Here, ICi’s gain comes ahead of the opto¬ 
isolator, which attenuates the uncertainties and pro¬ 
vides a stable loop. The ground return for the opto¬ 
isolator goes through a zener diode having the same 
voltage as Vref instead of directly to ground. This 
routing forces the op amp to bias well above ground, 
minimizing saturation effects during output transients. 

Compensation is more complex 

As stated earlier, frequency compensation is some¬ 
what involved. The 0.1-|xF capacitor rolls off ICi’s gain. 
This roll-off keeps the gain low at high frequencies, 
preventing amplified ripple and noise from feeding back 
to the LT1071. The 36-kn/0.47-|xF combination gives 
significant gain reduction under transient conditions. 
Local compensation at the LT107rs Vc pin stabilizes 
the loop. The lOOD resistor at th^ 5V output, a deliber- 
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Fig 2—In a, trace A shows Fig Vs Qs drain voltage and trace B 
shows the drain current. Trace A indicates that, due to flyback 
effects, the MOSFET sees about lOOV. The ringing upon turn-off is 
normal. Trace B shows that the current is fast, clean, and controlled. 
In b, trace B is Fig Vs transient response for a lA step added to a 
2.5A output. When trace A goes high, the step occurs. Trace B 
indicates that output sag is corrected in about 8 msec. 

ate path for sinking current, ensures loop stability for a 
light load or for no load. The 50(1 resistor at Qs 
combines with the gate’s capacitance to slightly slow 
FET switching, reducing high-frequency harmonics. 

Circuit waveforms appear in Fig 2. Trace A in Fig 2a 
is Qs’s drain voltage, and trace B shows the drain 
current. Trace A shows that the MOSFET sees about 
lOOV because of the flyback effects, but this voltage 
level is well within the transistor’s rating. The ringing 
at turn-off is normal. Trace B shows that the current 
flow is fast, clean, and controlled. Fig 2b shows the 
transient response for a lA step added to a 2 .5A 
output. When trace A goes high, the step occurs. Trace 
B shows that output sag is corrected in about 8 msec. 
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You have to wei^h the damping effective¬ 
ness vs the power dissipation in the damper 
network. 


When trace A returns low, the lA load is removed and 
recovery is similar to the positive step. The optional 
output filter (Pulse Engineering part #52901, San 
Diego, CA) in Fig 1 will reduce broadband output noise 
to about 75 mV p-p. 

One of the most desirable switching-supply circuits is 


also one of the most difficult to design. Fig 3’s circuit 
exhibits many similarities to Fig 1, but derives its 
power directly from the 115V ac line. Off-line operation 
is preferable because it eliminates large, heavy, and 
inefficient GO-Hz magnetic components and filter capac¬ 
itors. This particular circuit provides an isolated 5V, 


Choosing a diode can be 

''Simple^' diodes furnish a good 
example of how carefully you 
must consider a switching sup¬ 
ply's operating conditions while 
designing. Switching diodes 
have two important transient 
characteristics: reverse-recovery 
time and forward tum-on time. 

Reverse-recovery time occurs 
because the diode stores charge 
during its forward-conducting 
cycle. This stored charge causes 
the diode to act as a low-imped¬ 
ance conductive element for a 
short period of time after re¬ 
verse drive gets applied. You 
measure reverse-recoveiy time 
by forward-biasing the diode 
with a specified current, then 
forcing a second, specified cur¬ 
rent backwards through the 
diode. The time required for the 
diode to change from a reverse¬ 
conducting state to its normal 
reverse-nonconducting state is 
the reverse-recovery time. 

Hard turn-off diodes switch 
abruptly from one state to the 
other following reverse-recoveiy 
time. They therefore dissipate 
very little power even with only 
moderately short reverse-recov¬ 
ery times. Soft turn-off diodes 
have a gradual turn-off charac¬ 
teristic that can cause consider¬ 
able power dissipation in a diode 
during its turn-off interval. 

Fig Aa shows typical current 


surprisingly tough 

and voltage waveforms for three 
common diode types (fast, ultra- 
fast, and Schottky) used in fly¬ 
back converters and when 
V,N=10V and Vout)=20V, 2A. 

Long reverse-recovery times can 
cause significant extra heating in 
the diode or the power switch. 

The total power ^ssipation dur¬ 
ing the reverse-recovery time is 

P IRR = V X f X tRR X I jr, 

where V=diode reverse voltage, 
f=switching frequency, 
tRR=reverse-recovery time, and 
If= diode forward current just 
prior to turn-off. 

For a boost-configuration 
switching supply where Ij!‘=4A, 

V=20V, and f=40 kHz, for ^- 
ample, the diode’s on current is 
twice the output current. A 
diode with tRR=300 nsec creates 
a power loss of 

PtRR=20(40x 1(P)(300X10-«)4=0.96W. 

If this smne diode has a for¬ 
ward voltage of 0.8V at 4A, its 
forward loss will be L6W. Re¬ 
verse-recovery losses in this ex¬ 
ample are nearly as large as for¬ 
ward losses. You must realize, 
however, thatreverse losses 
don’t necessarily resiilt in signif¬ 
icant increases in diode dissipa¬ 
tion. A hard turn-off diode will 


shift much of the power dissipa¬ 
tion to the power switch, which 
will see high current and high 
voltage during the reverse- 
recovery time. 'This stress need 
not be harmful to a properly se¬ 
lected power switch, though the 
power loss remains. 

The effects associated with 
diode tum^n time can potenti^^ 
ly be more harmful than reverse 
turn-off effects. Consider that 
the output diode clamps the in¬ 
ductor’s or transformer’s output 
connection and prevents it fix)m 
rising higher than the output > 
voltage. A diode that turns on 
slowly can have a very high for¬ 
ward volt^^geihipressed aeroSs ft 
for the duratioin of theturiMjn 
time. 

The prohlem Sis that this m- 
creased voltage appears acro^ 
the power switch. The graphs % 
Fig Ab show diode tum-on 
spikes for the-thme types. ThO 
actual height of the spike Whl 
depend on the rate of the cur¬ 
rent rise and the initial current 
value; nonetheless, the graphs 
emphasize the need for fast 
tura-on x^aracteiistics in appli¬ 
cations that strain the limits of 
the switch-voltage ratings. 

Fast diodes can prove useless 
if your circuit has excessive 
stray inductance in the diode, 
output capacitor, or regulator 
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20A output as well as isolated ±12V, lA outputs. It 
operates over a 90 to 140V ac input range, includes ac 
line-surge suppression and soft-start capability, and 
promises loop stability under all conditions. Efficiency 
exceeds 75%, 

Before describing this circuit's construction, it's vital 


that you're aware of the need for extreme caution 
during testing or use: AC line-connected, high-voltage 
potentials are present. 

The diode-bridge/470-(xF-capacitor combination rec¬ 
tifies and filters the ac-line power. The metal-oxide 
varistor (MOV) device provides surge suppression, and 


loop. For instance, 20-gauge 
hook-up wire has 30 nH/in. of 
inductance. The current-fall rate 
of the LT1070 switching-regula¬ 


tor IC's (Linear Technology 
Corp, Milpitas, CA) power 
switch is 10®A/sec. This, rate 
generates a voltage of 


(10«)(30xl0-^)=3V/in. in the 
stray wiring. Keep the diode, 
capacitor, and ground and 
switch lead lengths short. 
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Fig A — Shown here are typical current and voltage waveforms for three common diode types (a) (Vm—lOVj VoaT)=^Vt 2A). 
Long reverse-recovery times can cause significant additional heating in the diode or the power switch. The graphs of the diodes* tum-on 
spikes (b) emphasize the need for fast tum-on charaeteristxcs in applications that push the limits of switch-voltage ratings. 
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Power-switching pa-m^itics cm allow exces¬ 
sive transient voltages to appear in unex¬ 
pected places. 


the thermistor limits tum-on in-rush current. Start-up high. The 22-kft/50-pF RC network filters noise, pre- 
and soft-start circuitry are similar to that of Fig Ts, venting erratic Qe operation. 

with some changes necessitated by the higher input Qr,, a power MOSFET, is in a cascode configuration 
voltage. The 220-kfl/1.24-kfl divider prevents erratic with the LT1071 to withstand the necessary high- 
operation at extremely low ac-line voltages (70V ac); at voltage switching. Q 5 has a 500V voltage-breakdown 
such levels, the divider forces the LT107rs feedback pin rating. The switch circuit is similar to that of the one in, 
to a low state, shutting down the circuit. Fig 1 . The 50ft resistor in the gate circuit combines 

The high input voltage, typically 160V dc, means that with the gate capacitance to slow Qs's transitions slight- 
the LT107rs internal current limit is set too high to ly, thus reducing high-frequency harmonics. Reducing; 
protect the regulator if the circuit's output gets the harmonics eases layout considerations. The trans- 
shorted. Qe and associated components provide about 2 former's damper network is borrowed from Fig 1 ; only 
amps 'of current limiting. The LT107rs ground-pin the component values are refigured, 
current doesn't go directly to ground; instead, it flows The ICi/optoisolator feedback loop preserves the 
through the 0.3ft resistor, turning on Qe if current is too transformer's galvanic isolation and is also similar to 



Fig 3—This switching supply operates directly from the 115V ac line. Off-line operation is desirable because it obviates the need for large, 
inefficient 60-Hz magnetic components and filter capadUrrs. 
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Off-line operation isAe^irable because it 
eliminates lar^e^ heavy^ and inejficient 
60-Hz magnetic components and filter 
capacitors. 


that of the one in Fig 1. Compensation values for ICi 
and the LT1071 are different, reflecting this circuit's 
different gain-phase characteristics. 

Checklist will help 

In conclusion j no matter whether you need to design 
a simple switching supply like those delineated in Part 
1 or an isolated one like the supplies described here, 
your design will proceed more smoothly if you remem¬ 
ber the following advice. 

• Always consider inductive flyback effects. Are 
setniconductor-breakdown ratings adequate to 
withstand them? Will you need a silubber (damp¬ 
er) network? Consider all possible voltages and 
current paths, including the transient ones via 
semiconductor-junction capacitances. 

• Account for all of the capacitors' operating condi¬ 
tions. Voltage ratings are the most obvious con¬ 
sideration, but remember to plan for the effects of 
ESR and inductance. These specifications can 
have a significant impact on circuit performance. 
In particular, an output capacitor with high ESR 
can make loop compensation difficult. 

• Keep in mind that layout is vital. Don't mix 
signal, frequency compensation, and feedback 
returns with high-current returns. Arrange the 
grounding scheme to achieve the best compromise 
between ac and dc performance. In many cases, a 
ground plane may help. Account for the possible 
effects of stray inductor-generated flux on other 
components, and plan your layout accordingly. 

• Analyze the semiconductor-breakdown ratings 
thoroughly, and allow for all conditions. Transient 
events usually cause the most trouble because 
they introduce stresses that are often hard to 
predict. Watch for the effects of feedthrough via 
semiconductor-junction capacitances. Such capac¬ 
itances can permit excessive voltages for brief 
intervals at what is nominally a low-voltage ndde. 
Carefully study the breakdown, current-capacity, 
and switching-speed ratings on the data sheets. 
Ask yourself if the test conditions match your 
application; if you have any doubts, consult the 
manufacturer. 

• Don't forget that the most common problem area 
with switching-supply designs is the inductor or 
transformer and that the most common difficulty 
involves saturation. Saturation can often result in 
destructive failures. An inductor or transformer 
becomes saturated whem it can't hold any more 



Fig 4—Using this test setup, you can observe the effects of satura¬ 
tion. The jmlse generator drives Qh forcing current into the induetor. 
The diodelRC combination forms a typical load. 
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Fig S — The voltage at Qfs collector in Fig 4 falls when it turns on. 
(Trace A is the pulse-generator output, and trace B is Q/s collector.) 
Trace C, the inductor current, ramps up in a controlled fashion. 
When Qj goes off the current falls and the inductor rings off. 
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Layout is vital. Don^t mix signal, frequen¬ 
cy-compensation, and feedback returns with 
hi^h-current returns. 



Fig 6—Compared with Fig 5, this scope photo shows a longer drive 
pulse, allowing more inditctor current buildup. The current-ramp 
waveform is clean and controlled, meaning that the inductor has 
eimigh capacity. 



Fig 7—Longer drive pulses engender some unpleasant results. The 
inductor current changes from the linear ramp shape of Fig 6 to a 
nonlinear slope. This curve shows rapidly increasing current, which 
indicates that the inductor is reaching saturation. 


magnetic flux. As it arrives at saturation, 
begins to look more resistive and less inductive 
Under these conditions, only its dc copper resis 
tance and the source’s capacity limit the current 
flow. 

Taking a look at the test circuit in Fig 4 will help to 
illustrate the importance of the previous advice. The 
pulse generator drives Qi, forcing current into the 
inductor. The diode/RC combination forms a typical 
load. In Fig 5, the voltage at Q/s collector falls when it 
turns on (trace A is the pulse-generator output, and 
trace B is Q/s collector). IVace C, the inductor current, 
ramps up in a controlled fashion. When Q] goes off, the 
current falls and the inductor rings off. 

In Fig 6, the drive pulse is longer, allowing more 
inductor-current buildup. This buildup requires that 
the inductor store more magnetic flux, but the ramp 
waveform is clean and controlled, indicating that the 
inductor has the necessary capacity. 

Fig 7 shows some unpleasant surprises. The drive 
pulse is longer still, and the inductor current departs 
from its linear ramp shape and changes to a nonlinear 
slope. The nonlinear behavior starts between the third 
and fourth vertical divisions, and the curve shows 
rapidly increasing current. The inductor is becoming 
saturated. If the pulse width increases much more, the 
current will rise to a destructive level. You should be 
aware that some inductors saturate much more abrupt¬ 
ly than this one. EOil 
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GUEST EUTCMAL 


BY JIM WILLIAMS, STAFF SCIENTIST, LINEAR TECHNOLOGY CORP 


Should Ohm’s law be repealed? 

When I was a kid, I lived near the Steam family. They had a 
pool, shuffleboard and tennis courts, dogs, and a horse. They 
also had billiard tables, a pinball machine, and a darkroom. 
But what interested me most was what Dr Steam had in the 
basement. There, sitting on a ''scopemobile,” next to his 
workbench, was a Tektronix 535 oscilloscope. To say that I 
loved that oscilloscope is an understatement. 

The pure, unbounded lust I spent towards this machine 
probably retarded the onset of my puberty, delaying sexual 
nascency by at least a year. It also destroyed my school 
performance. I read the mainframe manual instead of doing 
homework, and studied the small, easily hidden plug-in book in 
English class. I knew every 535 specification and all its 
operating modes. I lived for the 535, and I studied it. But, best 
of all, I used it. 

Dr Steam shared his electronics hobby—and his 535—with 
me. Oscillators, amplifiers, flip-flops, modulators, filters, RF 
stages—^we circuit-hacked them all with ferocious intensity. 
And with the scope you could see what was going on. You 
shared the excitement Leeuwenhoek felt when he looked into 
his microscope. 

The Tektronix 535 was a sublime masterpiece. In 1956, it 
was vastly superior to its competition. The triggered sweep 
worked unbelievably well, and the calibrated vertical and 
horizontal amplifiers really were calibrated. The scope had an 
astounding 15 megacycles (it was “cycles'’ then) of bandwidth, 
and it had something called “delayed sweep." The plug-in 
vertical preamplifiers greatly increased the measurement 
capability. Using that scope inspired confidence that bordered 
on arrogance. It would make my circuits work, or so I thought. 

One afternoon I couldn't get a circuit to operate properly. 
The signals looked about right, but the performance was 
shaky, and odd effects abounded. I tested everything, but got 
nowhere. When Dr Steam came by he listened, looked, and 
thought for a while. Then he moistened two fingers, and 
moved his hand around the circuit, lightly touching points as 
he watched the scope. He noticed effects and correlated them 
to his hand movements. When the scope's display looked good 
he soldered a small capacitor between the last two points his 
fingers touched. To my amazement, the circuit now worked 
properly. I was dumbfounded and, probably because of my 
frustration and embarrassment, even a little angry. 
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The Tektronix 535. Introduced in 
1954, this vastly superior master¬ 
piece made a mockery of competing 
oscilloscopes. I knew it would make 
my breadboard circuits work—or so 
I thought 


Dr steam explained that my circuit was oscillating at 
perhaps a hundred megacycles, and he suspected he’d damped 
it by loading the right points. His finger dance had surveyed 
suspect points; the capacitor was his equivalent of the finger¬ 
loading capacitance. “That’s not fair!” I protested, “You can’t 
see 100 megacycles on the scope.” He looked right at me and 
spoke slowly. “The circuit doesn’t care about ‘fair,’ and it 
doesn’t know what the scope can’t see. The scope doesn’t lie, 
but it doesn’t always tell the truth.” He then gave me a little 
lecture that has served me well, except when I’m foolish or 
frustrated enough to ignore it: 

“Don’t ever get too attached to a way of solving problems. 
Don’t confuse a tool, even a very good one, with knowledge. 
Concentrate on understanding the problem, not applying the 
tool. Use any tool that will help move your thinking along, 
know how these tools work, and keep their limitations in 
mind—it’s part of the responsibility of using them. If you stop 
thinking and stop asking questions and simply believe what 
the scope says, you’re done for. When you do that, you’re not 
listening to the problem, and you’re no longer designing that 
circuit. When you substitute faith in an instrument, no matter 
how good it is, for your judgment, you’re in trouble. 

“It’s a tricky trap; sometimes you don’t even know you’re 
falling into it. People are very clever at fooling themselves that 
way. We all want things to be simple and to go smoothly, but 
the circuit doesn’t know that and it doesn’t care.” That lecture 
took place 32 years ago, and I’m still absorbing the advice. 

Lately, I’ve been hearing a lot about CAD systems, 
computer-based workstations, and powerful software-model¬ 
ing techniques. At Linear Technology, we have CAD systems, 
and they save tremendous amounts of time. They’re very 
powerful tools, and we’re learning to use them efficiently. It’s 
a tough process, but the rewards are worth the effort. 

Unfortunately, there are substantive and disturbing differ¬ 
ences between what these tools are, and what some purport 
them to be. Promotional materials, which are admittedly 
suspect, boast of speed, ease of use, and the elimination of 
mundane and odious design tasks. Advertising explains the 
ease of generating ICs, ASICs, board functions, and entire 
systems in weeks, even hours. Reading further reveals the 
paths to this design nirvana—databases, expert systems, 
models, simulators, compilers, emulators, and a lot of other 
intellectual frou-frou. 

Somewhere, such technological manna must coalesce to 
eliminate messy labs, pesky nuts and bolts, and, above all, 
those awful breadboards. Headaches vanish, fingers and the 
lab remain clean, the boss is thrilled, and you have time to go 
fishing. Well, such silliness is all part of the marketing game, 
and it’s well known wherever money changes hands. Perhaps 
my acerbic musings are simply the fears of a bench hacker or a 
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GUEST EDITORIAL 



Advertising for CAD tools assures 
you that you can achieve high pro¬ 
ductivity with a minimum amount of 
effort. Becoming the next Thomas 
Edison is only a keystroke away. 


cantankerous computer technopeasant who is confronting the 
Computer Age. But I don't think so, because what I see 
doesn't stop at fast-talking ad copy. 

Some universities are enthusiastically emphasizing 
“software-based" design and “automatic-design" procedures. 
Students and professors have shown me circuits they designed 
on their computers. Some of the assumptions and simplifica¬ 
tions the design software makes are unusual. Some of the 
circuits are unusual, too. 

Such excessively spirited CAD advocacy is also found in 
industry trade journals that have become enamored of CAD 
methods to the point of being cavalier. Articles tell readers 
how easy it is to use CAD tools. At times, you can't distinguish 
editorial copy from advertising. For example, a recent editori¬ 
al entitled “Electronic design is now computer design" informs 
me that: 


“For the most part, the electronic details—the con¬ 
cerns of yesteryear about Ohm^s law and Kirchhoffs 
law, transconductance or other device parameters — 
have been worked out by a very select few and embed¬ 
ded in the software of a CAE workstation or buried 
deep within the functionality of an IC. Todayss main¬ 
stream designers, whether they're designing a com¬ 
plex board-level product or an IC, don't need to fuss 
with electronics. They're mostly logic and system 
designers—computer designers—not electronics de¬ 
signers" (Ref If 


Those ideas pave the road to intellectual bankruptcy, and 
they display the kind of arrogance Dr Steam warned me 
about. CAD is being oversold, and it shouldn't be, because it's 
one of the most powerful tools ever developed for solving 
problems. But if too many users are led astray and disappoint¬ 
ed—as some already have been—CAD-system purchases, ac¬ 
ceptance, and use will slow. Thus, the irresponsible, self- 
serving advisories of some CAD vendors and enthusiasts may 
be partially self-defeating. 

The associations being made between CAD tools and the 
actual generation of ideas based on knowledge and thought are 
specious, arrogant, and dangerous. They're arrogant because 
in their determination to streamline technology they simplify 
it, and Mother Nature loves to throw a surprise party. 
Technologically driven arrogance can be hazardous, as any 
Titanic passenger would tell you. They're dangerous because 
it's easy to confuse faith in tools with the true thinking and 
simple sweat that are integral to design. In our rush to design 
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GUEST EDITORIAL 



The best circuits result from a com¬ 
bination of traditional breadboard 
techniques, experience, and CAD, 


circuits and systems efficiently, we will cede the judgmental, 
inspirational, and even accidental processes that constitute 
much of engineering. At the same time, we’ll eliminate excel¬ 
lence. 

Most good designs are characterized by how the designer 
deals with the exceptions and imperfections. In my field, 
linear circuits, just about everything is an exception. You know 
about—or think you know about—a lot of the exceptions, but 
you’re constantly learning about new ones. Unfortunately, you 
can get circuits to work properly without even realizing the 
exceptions and imperfections that are present. How sad it is 
that you could do better if only you knew what those excep¬ 
tions and imperfections were. The linear-circuit designers I 
admire are those most adept at recognizing and negotiating 
with the exceptions and imperfections. Often they’re not sure 
just what the specific design issues will be, but they have a 
marvelous sense of balance. They know when to be wary, 
when to use finesse, when to hack, and when to use comput¬ 
ers. These people use CAD tools to produce superior work 
more efficiently, while others may be tricked into using CAD 
to produce mediocre designs efficiently. 

CAD tools and techniques, although in their infancy, will 
indeed prove to be some of the most useful electrical-engineer¬ 
ing tools ever developed. Although their usefulness in linear- 
circuit design is limited at present, they have had an impact on 
digital-IC and -system designs. For now, the best analog 
simulator we have is a breadboard. If you’re listening, the 
answer, or at least the truth, is there. 

I’m reasonably certain that breadboardless linear-circuit 
design is a long way off. I suspect the situation is similar for 
most engineering disciplines. The uncertainties, the sur¬ 
prises, and the accidents that yield fruitful results require 
sweat and laboratories. CAD saves time and eliminates drudg¬ 
ery. It can increase efficiency, but it does not eliminate the 
cold realities involved in making something work. 

Where I work we bank on our ability to ship products that 
work properly. We believe in CAD as a tool, and we use it. We 
also use decade-resistor boxes, breadboards, oscilloscopes, 
pulse generators, alligator clips, screwdrivers. Ohm’s law, and 
moistened fingertips. Like Dr Steam back in 1956, we concen¬ 
trate on solving the problem, not on simply using a tool. 


Reference 

1. Williams, Tom, “Electronic design is now computer design,” 
Editorial HO (a Computer Design newsletter), January 1988, pg 1. 
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SIGNALS & NOISE 

CAD systems can^t established, real-time, parallel proc- 

replace breadboards essor. 

Thanks for printing Jim Williams's Forrest M Mitus III 
timely guest editorial (“Should Seguin, TX 

Ohm’s law be repealed?'’ EDN, _ 

March 3, 1988, pg 47). CAD systems 
certainly save time, especially when 
they’re used for digital design. But 
claiming that a CAD system can 
eliminate the need for bread¬ 
boarding analog circuits is like 
claiming that a text-processing 
package can produce a finished man¬ 
uscript without any editing. 

I would very much like to see 
EDN further explore the current 
itatus of analog circuit design. The 
gradual demise of analog courses in 
engineering schools is an important 
area of concern. Another is the re¬ 
placement of simple analog circuits 
with complex programmable logic. 

Still another is the shunning, by 
digital-computer designers, of the 
analog computer, which is a well- 
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SIGNALS & NOISE 


Circuits cannot live 
by breadboarding alone 

I must take issue with the impres¬ 
sion created by both Jim Williams's 
guest editorial “Should Ohm's law 
be repealed?" (EDN, March 3,1988, 
pg 47) and Forrest M Mims Ill's 
supporting letter “CAD systems 
can't replace breadboards" (EDN, 
May 12, 1988, pg 32). Both Williams 
and Mims seem to long for a return 
to pre-CAE days. 

Analog-circuit simulation must be 
used in conjunction with bread¬ 
boarding. Neither is sufficient on its 
own. How many times has an engi¬ 
neering breadboard functioned cor¬ 
rectly, meeting all performance 
specifications (even over tempera¬ 
ture), and then a team of engineers 
has had to “live" in the assembly line 
because the first production boards 
couldn't be built? CAE is simply the 
only viable method we have of per¬ 
forming worst-case, tolerance, and 
stability analysis in an economic and 
timely fashion. Sometimes the 


wrapped up in the requirement that 
we must always have the slickest,' 
best, fastest, and most state-of-the- 
art tools to get the job done. Some¬ 
times I wonder how anything was 
ever designed before we had HP 
calculators, personal computers, 
and engineering workstations. 
Many designs have been done with¬ 
out the aid of any of these tools, and 
hopefully many more will be in the 
future. 

I am not a Luddite when it comes 
to using tools to do a better job. 
However, I think that our colleges 
are turning out students that need 
the latest equipment to get the job 
done. This situation has been caused 
in part by employers who expect 
engineers fresh out of school to be 
versed in the latest equipment and 
ready for design work. The end re¬ 
sult is that the education the stu¬ 
dents receive is leaning more toward 
practical skills and less toward theo¬ 
retical skills and a broad education. 
I believe that in the long run this 
situation will be detrimental to the 
engineer’s ability to keep up with 
technology or adapt to a different 
technology should the job require it. 

Let’s not forget that you can ac¬ 
complish a lot by using the best 
computer available (the one be¬ 
tween your ears), a little common 
sense, and a logical approach to a 
problem. Sometimes the simplest 
solution is the best solution. 

Joe Blaschka, Jr, P E 
President 

Adcomm Engineering Co 
Kir land, WA 


EDN September 1, 1988 






Clever techniques 
improve thermocouple 
measurements 


Thermocouple (TC) measurements require 
linear-circuit proficiency. To ensure accu¬ 
rate results, you should understand the 
need to compensate for parasitic junctions, 
the importance of certain characteristics of 
the op amps and associated components, 
and the ways to otherwise condition and 
linearize the TC^s low-level output sipfnals. 
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Fig 1—For accurate thermocouple measurements, the thermocou¬ 
ple’s cold junction and the compensation circuit’s temperature seyisor 
must be isothermal. 


Jim Williams, Linear Technology Corp 

Thermocouples are inexpensive, but achieving reason¬ 
able accuracy—say ±0.5°C—requires careful signal 
conditioning and cold-junction compensation. Although 
thermocouples don't require any external excitation, 
and their small size and low output impedance produces 
wideband, low-noise output signals, their nonlinear, 
millivolt-level outputs degrade measurement sensi¬ 
tivity. 

A TC senses ambient temperature by producing, 
across the junction, a small voltage proportional to 
temperature. To measure that voltage, you must con¬ 
nect the TC wires to an amplifier or voltmeter, creating 
two unwanted parasitic junctions that produce error 
voltages in series with the desired signal (Fig 1). These 
parasitic junctions must have the same temperature. To 


interpret the TC voltage as an absolute-temperature 
signal, you must either maintain these parasitic junc¬ 
tions at a known temperature or compensate for their 
effect electronically. The TC, in effect, measures temp¬ 
erature at its “hot" junction with respect to tempera¬ 
ture at the two parasitic junctions—historically called 
the “cold junction." 

Cold junctions generate spurious voltage 

The term “cold junction" derives from the practice of 
maintaining the parasitic junctions at 0°C by immersing 
them in a mixture of ice and water. Although very 
accurate, this approach is impractical for most applica¬ 
tions. As another option, you can simulate the ice bath 
by servo-controlling a Peltier cooler, but again this 
approach is too complex and bulky for most applica¬ 
tions. 
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Thermocouples are by far the most wide¬ 
spread contact-type temperature transduc¬ 
ers in use today. 


A better technique (Fig 2a) employs an electronic- 
compensation circuit, which tracks the cold-junction 
temperature instead of maintaining the junction at a 
constant temperature. The circuit offers the same re¬ 
sult as an ice bath, but is simpler to implement. It 
produces OV at 0°C, and its slope of output voltage vs 
temperature is the same as that of the thermocouple. 


over the expected range of cold-junction temperatures. 
For proper operation, the compensator’s temperature 
sensor must be isothermal with the cold junction. 

The cold-junction compensator, ICi, measures the 
cold-junction’s ambient temperature and generates out¬ 
put voltages that are scaled for use with E-, J-, K-, R-, 
S-, and T-type thermocouples. Low supply current in 



R2 R3 

100ft 255k 

FULL-SCALE TRIM 1% 



—Each of these circuits combines the thermocouple*s output with the electronic cold-junction compensation of ICi. Circuit a subtracts 
voltages; circuit h arranges the voltages in a series-opposed fashion and amplifies the difference. 
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ICi minimizes the self-heating that would otherwise 
degrade isothermal operation with the cold junction; 
low power consumption also supports battery opera¬ 
tion. The chip’s ±0.5% accuracy is compatible with the 
overall accuracy achievable in a thermocouple-based 
system. 

Subzero temperature swings Vqut negative 

The op amp in Fig 2a amplifies the difference be¬ 
tween the thermocouple voltage and the cold-junction- 
compensation voltage from ICi. Ci and C 2 provide 
filtering, and potentiometer R 5 trims the signal gain. Re 
has a typical value; another value may better accommo¬ 
date the desired trim range. Reducing Re and increas¬ 
ing Rs, for example, will provide higher gain with lower 
trim resolution. Fig 2b shows a similar circuit, for a 
type-K thermocouple, which combines the TC and 
compensation voltages in series-opposed fashion. The 
optional pulldown resistor (R4) allows Vqut to swing 
negative, thereby representing sub-0°C temperatures. 

Low bias current in IC 2 is important to avoid offset 
errors due to the op amp’s input filter (R7, C 2 ) and the 
output impedance of ICi. Type-J, -K, -E, and -T ther¬ 
mocouples, which have Seebeck coefficients of 40 to 60 
IjlV/^C, require high-grade precision bipolar amplifiers 
such as Fig 2b’s LTKAOOl. (This device provides 30-fxV 
offset voltage, 1.5-|xV/‘’C drift, and 1 -nA input bias 
current.) 

Particularly critical applications call for a chopper- 
stabilized amplifier such as Fig 2b’s LTC1052 (5-|jlV 
offset, 0.05-fxV/°C drift, 30-pA input bias current, and 
30x10^ open-loop gain). This amplifier is appropriate 
for use with type-R and -S thermocouples (whose 


Seebeck coefficients range from 6 to 15 |jlV/°C), espe¬ 
cially if the application covers a large swing in ambient 
temperature or does not allow offset adjustments. 

Another source of error in thermocouple amplifiers is 
inadequate open-loop gain. An amplifier for type-K 
thermocouples, for instance, which produces 100 
mV/°C, must have a closed-loop gain of 2500. In this 
application, an ordinary op amp that specs a minimum 
open-loop gain of 50x10^ would produce a (2500/ 
50,000) X 100=5% gain error! Although normally you 
would calibrate the closed-loop gain by trimming, temp¬ 
erature drift in the open-loop gain can still degrade the 
output accuracy. The minimum recommended open- 
loop gain for use with type-E, -J, -K, and -T thermocou¬ 
ples is 250,000. This value is also adequate for use with 
type-R and -S thermocouples, if the amplifier’s output 
produces 10 mV/°C or less. 

Eschew kovar package leads 

Regardless of the type of op amp that you choose, a 
dual-in-line package is preferable to a TO-5 metal can, 
especially if the op amp’s supply current exceeds 500 
(xA. The TO-5’s kovar leads introduce thermocouple 
effects that can generate ac and dc offsets in the 
presence of external air motion or thermal gradients in 
the package. 

You should also be aware of considerations related to, 
but external to the thermocouple amplifier itself. These 
include overvoltage protection, common-mode voltage, 
and noise. Protection is necessary because thermocou¬ 
ple wires often pick up static voltages or make contact 
with high voltage that can damage the amplifier circuit. 

The Rlimit resistor in Fig 3a, for instance, attenuates 



Fig 5 —The resistors you see here protect the circuits from overvoltage on the thermocouple lines. The optional capacitors provide signal 
filtering for grounded or battery-operated systems (a), or for systems (b) subject to open ground connections or open thermocoup e Lines. 
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Electronic cold-junction compensation 
tracks the junction temperature instead of 
maintaining the junction at a constant 
temperature. 


fault voltages. And, by adding a capacitor (shown as 
dashed lines), you can obtain signal filtering as well. 
Fig 3b’s circuit shows balanced protection for a differ¬ 
ential input. Again, connecting the optional capacitors 
provides lowpass signal filtering in addition to overvolt¬ 
age protection. The diodes are effective in clamping the 
signal path to the supply voltages, but you must evalu¬ 
ate the effect of diode-leakage currents, especially if the 
limit resistors have high values. Similarly, bias cur¬ 
rents flowing into the amplifier circuitry through high- 
value limit resistors can generate measurement errors. 
In some cases you must compromise accuracy to meet a 
system^s requirements for voltage protection and noise 
rejection. 

The amplifier circuit of Fig 4 combines filtering with 
full differential sensing of the thermocouple voltage. If 


all signals remain within the supply-voltage range of 
the switched-capacitor building block (ICi), the circuit 
provides 120 dB of common-mode rejection. (If the 
signals exceed this range, the circuit may require 
protection networks as discussed with regard to Fig 3.) 
Switch action within ICi transfers charge from the 
external “flying capacitor’^ Ci to the external output 
capacitor, C 2 . You can vary this rate of transfer, and 
hence the overall bandwidth, by controlling the chip^s 
commutating frequency. Resistor Ri provides a bias- 
current path for IC/s floating inputs, and the pulldown 
resistor (shown as dotted lines) enables subzero-temp¬ 
erature readings. 

Protection networks and differential operation may 
not suffice in thermocouple applications that have high 
levels of noise and common-mode voltage. Industrial 



Fig 4—This differential-input thermocouple amplifier implements ''flying capacitof' isolation with a switched-capacitor circuit (ICi). 
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environments, for example, can generate ground-po¬ 
tential differences of lOOV or more. For these condi¬ 
tions, you must galvanically isolate the thermocouple 
and its signal-conditioning circuitry from ground. The 
circuit requires a fully isolated power source and an 
isolated signal-transmission path that is referred to 
ground at the output. Careful design allows a single 
path to transfer both the floating power and the isolated 
signals. WhaFs more, thermocouples allow you to trade 
bandwidth for dc accuracy. 

One transformer isolates signal and power 

The isolated signal conditioner of Fig 5 provides 
±0.25% accuracy in the presence of 175V common¬ 
mode voltages. A single transformer, Ti, transmits the 
isolated power and data. First of all, take note of the 
oscillator circuit consisting of inverter ICia and associ¬ 
ated components, which generates the clock signal 
shown in Fig 6, trace A. Inverters ICib, ICic, and 
associated components stretch the positive pulses in 
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Fig 6—These waveforms depict selected signals from Fig 5*8 
circuit. The negative-pulse level in trace Ey for example, represents 
the desired thermocouple temperature. 


this signal (trace B), and apply them to the 2.2-kft 
resistor, Ri. The pulse amplitudes are stable because 
the inverters obtain a stable supply voltage from the 
(approximate) 10.7V regulator consisting of IC 2 and IC 3 . 
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Protection networks and differential opera¬ 
tion may not suffice in thermocouple appli¬ 
cations that have hi^h levels of noise and 
common-mode voltage. 


Current pulses in Ri drive the primary of Ti (trace 
E), producing voltage pulses in the secondary (the 
emitter of Q 2 , trace F). Op amp ICe compares this signal 
with the conditioned thermocouple voltage that op amp 
IC7 produces. By driving the base of Q 2 , ICe's output 
(trace ~G) forces the transformer's secondary voltage 
(pin 3) to clamp at the level of ICt's output. The 
clamping action is active for low output voltages be¬ 
cause Q 2 operates in the inverted mode. 

Ti's primary voltage clamps in response to a clamp on 
the secondary voltage. After ICe’s output settles, the 
stable, clamped primary voltage represents the ther¬ 
mocouple's output signal. Meanwhile, a delayed clock 
signal (trace C) from inverter ICid controls the sample/ 
hold amplifier, IC4, causing that device to sample the Ti 
primary voltage. IC4 returns to the hold mode when the 
clock waveform (trace A) goes low. Potentiometer R 3 
adjusts the sample/hold signal's offset, and potentiome¬ 
ter R 4 adjusts the gain. 

When ICic's output (trace B) makes a high-to-low 
transition, the differentiator action of Ci and R 2 causes 
ICiF^s output (trace D) to temporarily go low. Qi turns 
on, forcing substantial energy into the primary of Ti. 
The resulting flux through Ti's secondary (pins 3, 6 ) 
disrupts the equilibrium of ICe's feedback loop, causing 
the output to saturate (trace G). The excess flux energy 
then dumps into the other secondary (pins 1,4), forcing 
a surge of current into the storage capacitor, C3. Each 
clock cycle generates such a current pulse, producing 
an isolated, dc supply voltage, Visol. 

You should be aware of several factors that affect the 
operation of Fig 5's circuit. Transformer characteris¬ 
tics, for example, form the primary limit on achievable 


accuracy. The clamping scheme relies on avoiding satu¬ 
ration of the transformer's core. The clamp interval 
must be short, and Ti's primary current during this 
interval should remain extremely low with respect to 
the core-saturation value. The power-refresh pulse oc¬ 
curs immediately after the data transfer rather than 
before, to allow a pause for the transformer's core to 
recover from saturation. The low clock frequency (350 
Hz) ensures adequate time intervals for this purpose; 
the resulting low bandwidth is not of consequence in 
most thermocouple applications. 

To trim the circuit's gain, select R 5 (ICt's feedback 
resistor) according to the desired maximum tempera¬ 
ture and the thermocouple type. You should set IC/s 
output to 50 mV before adjusting the offset trim (R3); 
the circuit cannot read IC 7 outputs below 20 mV be¬ 
cause of saturation in Q 2 . The drift of the output voltage 
vs temperature depends on constant-magnitude cur¬ 
rent pulses into the primary winding of Ti, which in 
turn depends on the temperature coefficient of the 
copper used in the winding. Ri, however, swamps this 
effect by acting as a current source for the winding, 
leaving a residual temperature coefficient of about 60 
ppm/‘'C. ICic's saturation resistance, fortunately, has 
an opposite-polarity temperature coefficient that par¬ 
tially compensates for the residue. The overall tempera¬ 
ture coefficient, including that of IC 3 , is about 100 
ppm/°C. 

Although more complex than its Fig 5 counterpart, 
the isolation amplifier of Fig 7 offers 0.01% accuracy 
and a typical drift of 10 ppm/°C—performance that is 
suitable for servo systems and high-resolution applica¬ 
tions. As in Fig 5, a single transformer transfers the 


In case you don’t remember Dr Seebeck 


Thermocouples are by far the 
most widespread temperature 
sensors in use today. Their prin¬ 
ciple of operation, however, 
dates back to 1822, when an 
Estonian physician discovered 
the thermocouple effect by acci¬ 
dent. While studying the effects 
of heat on galvanic connections, 
Thomas Seebeck joined a piece 
of copper to a piece of bismuth, 
forming a loop. He then noted 


that a nearby compass was indi¬ 
cating a magnetic disturbance. 
Not realizing that electric cur¬ 
rent was flowing, Seebeck la¬ 
beled the effect “thermo¬ 
magnetism." 

He went on to experiment 
with different combinations of 
metals and eventually published 
the results of his work (Ref 1). 
Further investigations, of 
course, have established that 


“thermomagnetism," now known 
as the “Seebeck effect," is a reli¬ 
able and repeatable electrical 
phenomenon. 


Reference 

1 . Seebeck, Thomas, Magnetische 
polarisation der metalle und erze 
durch temperatUT-differenz, Ab- 
haandlungen der Preussischen Aka- 
demic der Wissenschaften, 1823, pg 
265-373. 
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isolated data and power. The thermocouple voltage, 
however, undergoes pulse-width modulation before 
coupling across the transformer. The circuit then de¬ 
modulates this signal back to dc. 

Again, inverter ICia generates the clock waveform 
(Fig 8 , trace A). This waveform’s high-to-low transition 
sets flip-flop IC 2 (trace B), after a small delay intro¬ 
duced by inverters ICib, ICic, and associated compo¬ 
nents. The clock signal, buffered by inverters ICid and 
ICiE, also drives the primary of Ti (trace C). As a result, 
the Ti secondary receives energy and delivers it to the 
storage capacitor, Ci, creating Visol, the isolated sup¬ 
ply voltage for that side of the circuit. 

Besides generating Visol, pulses in the Ti secondary 
clock the pulse-width modulator, a closed-loop circuit 
that includes IC 4 B, ICgb, IC 7 A, and IC 7 B. Op amp ICs 
amplifies the thermocouple signal and applies it to the 
noninverting input of ICgb, which in turn servo-biases 
comparator IC 7 A. Each time that IC 7 B allows C 2 (trace 
E) to receive charge via resistor Rj, IC 7 A produces a 
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Fig 8—The positive pulse width in trace B of the Fig 7 circuit 

corresponds to the thermocouple's temperature. 


pulse whose duration is proportional to the thermocou¬ 
ple voltage. After inversion by IC 2 A, these pulses also 
drive the R2/C3 integrator, which delivers a dc voltage 
to the inverting input of ICgb- Cg provides compensation 
for the feedback loop. 



Fig 7—In this isolation circuit, pulse-width modulated thermocouple signals are transferred across the transformer barrier. Accuracy is 
± 0 . 01 %. 
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Variations in ambient temperature, supply 
voltage, and clock frequency have little ef¬ 
fect on the PWM isolation amplifier's sig¬ 
nal output. 


Circuit accuracy demands stable pulse widths at the 
output of IC2A. IC2 a’s low-loss, MOS switching charac¬ 
teristics contribute to the precise timing necessary, as 
does the stabilized supply voltage that IC4B provides. 
The stability of the operating frequency (set by invert¬ 
er ICia) has little effect on the pulse widths because this 
frequency is common to the primary-side demodulation 
scheme. 

Demodulation proceeds as follows: C4 and R3 differen¬ 
tiate the negative-going edge of IC2 a’s output, causing 
ICiF to deliver a pulse (trace G) to the base of Q3. In 
response, Q3 delivers a fast spike to Ti^s secondary 
(trace H). (Diode Di at IC7 a^s noninverting input breaks 
a regenerative loop that could cause oscillation.) Ti's 
primary section between pins 7 and 3 receives the 
spike, which then drives the base of Q2- Q2 behaves as a 
clocked demodulator, pulling its collector low (trace D) 
only when its base is high and its emitter is low—when 
Ti is transferring data rather than power. 

The collector spike from Q2 resets flip-flop ICs. Like 


IC2A, this flip-flop is an MOS device powered by a stable 
supply (obtained from IC4), and clocked by the same 
frequency as the pulse-width modulator. As a result, 
the flip-flop^s Q output signal has a dc-average value 
that depends primarily on the desired thermocouple 
signal at ICg’s output. Variations in the ambient temp¬ 
erature, supply voltage, and clock frequency have little 
effect. 

Delay translates to offset error 

Filter components R4 and C5 extract the signaPs dc 
value; R5 permits adjustment of the overall gain. The 
voltage follower, ICeA, produces the circuit's output. 
Because this scheme depends on the accurate timing of 
edge signals at the flip-flop, you must account for the 
small delay in discharging C2 (trace E) to avoid a small 
offset error. The delay in ICs’s S (set) line compensates 
for this error by setting the rising edge of trace B 
coincident with that of trace F. Trace B's falling edge 
requires no such compensation because wideband cir- 


Additional error sources 

You must exercise care in pro¬ 
cessing the low-level signals that 
thermocouples produce. In gen¬ 
eral, thermocouple system accu¬ 
racies greater than 0.5'C are 
difficult to achieve. Besides the 
nuyor sources of error that the 
acc(»npanying article discusses 
in detail, you should be aware of 
the effects that the connection 
wires, cold-junction uncertain¬ 
ties, and the faulty placement of 
sensors can have. 

The wires that you use to con¬ 
nect a thermocouple and its con¬ 
ditioning circuitry form addition¬ 
al, unwanted thermocouple 
junctions. You should mmntain 
these junctions at the same 
temperature to minimize their 
effect, which you can usually do 
by mounting them close togther. 
In some cases, you can eliminate 
a junction by selecting appropri¬ 
ate connecting wires and other 


in thermocouple systems 

accessories; consult Ref 1, for 
example. 

The joining of dissimilar met¬ 
als always produces a thermo¬ 
couple junction. Such dissimilar 
metals include the leads of IC 
packages (kovar in TO-5 cans; 
alloy 42 or copper in DIPs), and 
a variety of other metals found 
in plating finishes and solders. 
The net effect of all these ther¬ 
mocouple junctions will be zero 
if they all have the same temper¬ 
ature, but power dissipation usu¬ 
ally causes temperature gradi¬ 
ents within an IC package or a 
pc board. Accordingly, you 
should use extreme care to en¬ 
sure an absence of temperature 
gradients, in the vicinity of the 
thermocouple tenninations, in 
the cold-junction compensator, 
and in the thermocouple 
amplifier. 

If you can’t eliminate a given 


temperature gradient, then posi¬ 
tion the sensitive leads isother- 
maUy. In the schematics in the 
accompanying article, sensitive 
leads include the LT1025’8 R" 
and output pins, the amplifier- 
input pins, and leads for the 
gain-setting resistors. One effect 
to watch for is the apparent 
drift in an amplifier’s offset volt¬ 
age during warmup. Such an 
error can amount to tens of mi¬ 
crovolts, especially in TO-5 cans 
with kovar leads—even if drift 
measures zero for the chip itself. 

Junctions infest 1C package 
The culprit, of course, is mis¬ 
matched thermocouple materials 
within the package, in the path 
from lead ftmne to bonding wire 
to IC metallization to silicon. 
(Lead fi:ame to bonding wire is 
the dominant junction.) The ef¬ 
fect is proportional to power dis- 
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TYPE-K THERMOCOUPLE 



NOTES: 

1. DIODES ARE 1N4148S UNLESS OTHERWISE NOTED. 
2 TRANSFORMER Ti IS A PC-SSO-19 (UTC) 

3. INVERTERS ARE 74C14S. 

4. ' DENOTES 1% METAL-FILM RESISTORS. 

5. LETTERED NODES DENOTE WAVEFORMS IN FIG 10. 


;i:i50pF 


Fig 9—This thermocouple amplifier provides signal conditioning, isolation, and a pulse-vridth modtdated output. 


sipation, and you can minimize it 
by choosing ICs that draw low 
supply current, by operating 
them at low supply volts^es, and 
by avoiding TO-5 cans. You can 
accommodate the remaining 
drift by specifying a 5-minute 
warmup before calibrating the 
system or measuring its perfor¬ 
mance. 

The thermocouple’s cold junc¬ 
tion is another significant source 
of error. A true cold junction 
(ice-bath reference) will contrib¬ 
ute error according to sli^t de¬ 
viations from the desired temp¬ 
erature, but an active- 
compensator IC makes er¬ 
rors in the process of sensing 
and tracking the ambient temp¬ 
erature. You must take mea¬ 
sures to ensure accurate track¬ 
ing by maintaining the cold 
junction and the IC at the same 
temperature. These measures in¬ 


clude the use of high-thermal-ca¬ 
pacity blocks and thermal 
shrouds. 

Because a thermocouple mea¬ 
sures its own temperature, the 
placement of the ^ermocouple 
can also be a source of error. In 
fluid systems, for instance, eddy 
currents or the effects of laminar 
flow around the thermocouple 
can cause remarkably large er¬ 
rors. Even a simple surface mea¬ 
surement can be inaccurate be¬ 
cause of poor thermal 
conductivity between the surface 
and the sensor. 

Silicone thermal grease can 
ease this problem, and you 
should mate as much of the sen¬ 
sor surface as possible to the 
measured surface. (Ideally, the 
thermocouple should lodge tight¬ 
ly in a hole drilled in the sur¬ 
face.) 

Keep in mind that thermocou¬ 


ple leads act as heat pipes that 
provide direct thermal paths to 
the sensOT. This isn’t a problem 
if the surface has a large ther¬ 
mal capadty, but other situa¬ 
tions may require some thought. 
For example, you might thermal¬ 
ly mate the lead wires to the 
surface. Also, coiling the wires 
within the ambient temperature 
of interest will minimize their 
beat-pipe effects. You should be 
skeptical of results, even for ap¬ 
plications that are apparently 
simple. Experiment with several 
sensor positions and mounting 
options, and if the results agree 
you are probably on the right 
track. 


Reference 

1. Omega temperature measure¬ 
ment handbook. Omega Engineer¬ 
ing, Stamford, Connecticut, 1987 . 
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Lineiirizin£i a thermocouple’s signal voltage 
simplifies further signal processinp in many 
applications. 


cuit elements make up that signal path (ICjk, Ti, and 
Q2). Again, you can obtain 10 -ppm/°C overall drift and 
0.01% linearity by using the resistors specified and by 
matching the voltage references, IC:^ and ICio, for drift. 

Using similar techniques, you can construct a 0 . 25 %- 
accurate, isolated, thermocouple-signal conditioner 
that provides a digital PWM output (Fig 9 ). The 
inverters of IC3 produce a buffered clock signal (Fig 10, 
trace A). Qi drives Ti. Concurrently, the Rii/C;^ differen¬ 
tiator provides a spike (trace B) that sets flip-flop IC^ 
(trace C). The clock pulse applied to T/s primary 
appears at the secondary (pin 8), where it drives the 
VisoL supply. The pulse also causes the paralleled, 
open-drain switches within IC5 to close, which dis¬ 
charges Cl. (The R1/C2 filter prevents oscillation due to 
regenerative feedback.) 

Current from the Q2/Q:^ current source begins to 
recharge Ci when the pulse ends. The resulting voltage 
ramp (trace D) drives one input of comparator IC5; the 
signal related to the thermocouple voltage drives the 
other input. The comparator switches high when these 
voltages reach equality, causing a pulse to ripple down 
the IC7A, IC7B, IC7C inverter chain (trace E) and drive 
Ti's secondary. (Three inverters serve to sharpen the 
signal's low-to-high transitions.) As a result, T/s pri- 



Fig 10—Of particular interest in these waveforms of the Fig 9 
circuit is the pulse-width-modulated output (trace C). 
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Fig II—By introducing an offset voltage and shifting the gain of a 
simple amplifier, you obtain an output that nwre closely matches the 
thernummple characteristic. 


mary produces a negative spike (pin 4 ) that biases Q4, 
causing its collector to go low (trace G). 

Transistors and Qr, form a clocked, synchronous 
demodulator that pulls IC^'s R (reset) pin low only when 
the clock signal (the emitter of Qi) is low; this condition 
occurs during data transfer but not during power 
transfer. The demodulated output (trace H) contains a 
single negative spike that resets the flip-flop. Because 
this spike is synchronous with the high-to-low transi¬ 
tion of trace E, IC^'s output-pulse duration (trace C) is 
proportional to the thermocouple temperature. 

Four techniques linearize TC signal 

Because a thermocouple's response to temperature is 
nonlinear, its signal-conditioning circuit produces a 
nonlinear signal. By linearizing this signal, however, 
you can simplify further signal processing in many 
applications. Offset addition, breakpoints, analog com¬ 
putation, and digital correction are four techniques 
useful for this purpose. 

Offset-addition schemes rely on biasing the nonlinear 
“bow" with a constant term. The resulting output 
voltage is high at the low end and low at the high end, 
but errors between these two extremes are reduced 
(Fig 11): The compromise reduces overall error. This 
approach is suitable for applications in which nonlinear¬ 
ity is either slight over a wide range or great over a 
narrow range. 
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Type-S thermocouples are relatively nonlinear—they 
generate 6 [lYrC at 25 °C and 11 |jlV/°C at 1000 °C. Fig 
12 shows an offset-addition linearizing circuit for such a 
thermocouple. This circuit is similar to that of Fig 2b, 
except for the offset term derived from IC2 and applied 
through R4. IC 3 is a chopper-stabilized op amp, useful 
for minimizing drift. Circuit accuracy is ± 3 °C for the 
range of 800 to 1200 °C. To calibrate the circuit, set 
Vt=0.0000V and trim R5 so that Vout=1-669V. Then, 
set Vt=9.585V (T=1000°C) and trim R2 so that 
Vout=9.998V. 

The Fig 13 circuit is an adaptation of a configuration 
(Ref 1) that uses breakpoints to change circuit gain as 
the input signal varies. This method requires that you 
scale the input and feedback resistors associated with 
amplifiers IC4A-4D, ICsb, and ICsd- Current summation at 
ICsc’s inverting input produces an output voltage that is 
linear with the thermocouple temperature. Different- 
value input resistors cause each of the amplifiers, IC3D, 
IC4A, IC4B, and IC4C, to begin contributing current at a 



Fig 13—The thermocouple's output is linearized thanks to the 
introduction of discrete breakpoints (amplifiers ICjd, ^C^b, Cind 
ICic), which become active at different signal levels. 
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Fig 12 — This circuit derives its offset term from the 2.5V reference (1C 2 ) and uses it to help linearize the type-S thermocouple’s output. 
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Because they eliminate calibration trim- 
min0y digital techniques have become a 
popular method for linearizing thermocou¬ 
ple signals. 


different level of input signal, and the switching diodes 
produce a piecewise-linear response from each amplifi¬ 
er. For the range of 0 to 650°C, typical circuit accuracy 
is ±1%. 

Fig 14’s circuit (Ref 1) replaces the breakpoints with 
continuous analog-computer functions, uses fewer am¬ 
plifiers and resistors, and offers similar performance. 
The multifunction converter, IC4, linearizes the re¬ 
sponse by combining a single breakpoint with appropri¬ 
ate scaling. 

Implement breakpoints in software 

Digital techniques have become popular for lineariz¬ 
ing thermocouple signals because they eliminate cali¬ 
bration trimming. For instance, the Fig 15 circuit— 
which Guy M Hoover of Linear Technology Corp devel¬ 
oped—feeds a digitized thermocouple voltage to a |xP 
that implements a large number of breakpoints in 
software. To use the circuit, you simply load the soft¬ 


ware and apply power; the |xP then linearizes the 
digitized thermocouple signal and stores the result. (Ed 
Note: The listing that provides all the necessary code 
for this application is available by sending a self- 
addressed, stamped envelope ($0,39 postage) to Soft¬ 
ware Listings Editor, EDN, 275 Washington St, New¬ 
ton, MA 02158), 

IC4 is a 10-bit A/D converter that gives 0.5°C resolu¬ 
tion over the 0 to 500°C range. IC 2 amplifies and filters 
the thermocouple signal; ICi provides cold-junction 
compensation; and IC3 provides an accurate reference 
voltage. (To maintain accuracy, the reference requires a 
minimum 6.5V supply; the A/D converter monitors this 
voltage via the R 1 -R 2 divider.) The 1024-step resolution 
that IC4 provides (24 more than the required 1000) 
ensures 0.5°C of temperature resolution, even for the 
nonlinear thermocouple characteristic. Linear interpo¬ 
lation between temperature-data points spaced 30 °C 
apart, for example, introduces less than 0.1°C of error. 


15.723R 



Fig 14—Offering performance comparable to that of Fig 13, this linearizing circuit uses analog-computer functions in place of 
breakpoints. 
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Eddy currents md the effects of laminar 
flow around a thermocouple can cause re¬ 
markably larpfe measurement errors. 



Fig 15—By introducing a microcomputer (IC 5 ) to implement breakpoints in software, this thermocouple-linearizing circuit eliminates 
calibration trimming. The software listing is available from EDN; see text for details. 


The cold-junction compensator, ICi, dominates the 
offset-error budget by contributing errors as high as 
0.5°C. (IC/s 5-jjlV offset contributes no more than 
0.1°C.) The gain error is 0.75°C max, due primarily to 
the use of gain resistors with 0.1% tolerance values. 
ICsS output-voltage tolerance and IC 4 ^s gain error also 
contribute to the overall gain error; you can reduce this 
figure by trimming IC^s gain resistors. The A/D con¬ 
verter maintains a linearity error below 0.15°C. Typi¬ 
cally, these errors combine to produce an overall value 
of 0.5°C or less, exclusive of the thermocouple itself. 
Additional wire-connection errors of 0.5 to 1.0°C are 
not uncommon in practice, but with care you can keep 
these errors below 0.5°C. EDN 
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dc/dc converters 
Parti 


Precise converter 
designs enhance system 

performance 


DC!DC converters find application in a nride range of 
systems, from battery-driven circuitry to ac-line- 
powered systems. This article, part 1 of a J^-part series, 
demonstrates the design of the ubiquitous 5- to ±15V 
dcldc converter. Parts 2 through k, respectively, mil 
show how to use instrumentation to design micropower 
quiescent-current converters, how to design dcldc con¬ 
verters for power conservation, and how to replace in¬ 
ductors with switched-capacitor approaches in dcldc- 
converter designs. 


Jim Williams and Brian Huffman, 

Linear Technology Corp 

When evaluating dc/dc converters, designers often 
place far too much emphasis on efficiency and size. 
Although these parameters are significant, they are 
often of secondary importance. Other system-oriented 
requirements—low quiescent current, wide allowable- 
input ranges, reduced wideband output noise, and cost 
effectiveness—are more urgent. With the procedures 
presented here, you can design cost-effective 5 to 
±15V dc/dc converters that have low current drain 
and low noise. 

The case for 5 to ± 15V converters 
Logic supplies (5V outputs) have been popular since 
the introduction of diode transistor logic (DTL) over 
20 years ago. Preceding, and during, DTL’s infancy, 
modular-amplifier manufacturers made ±15V rails 


standard. Following tradition, early monolithic amplifi¬ 
ers also ran from ±15V rails. The 5V supply offers 
process, speed, and density advantages for digital ICs; 
the ± 15V rails provide a wide signal-processing range 
for the analog components. Because of these divergent 
needs, 5 and ± 15V supplies have also become standard 
for mixed digital-analog systems. 

In systems with large analog-component popula¬ 
tions, the ±15V supply was, and still is, usually de¬ 
rived from the ac line. This scheme, however, is defi¬ 
nitely undesirable in predominantly digital systems. 
The inconvenience, difficulty, and cost of distributing 
analog rails in such systems makes local power genera¬ 
tion attractive. The 5 to ±15V dc/dc converter fills 
this need. 

Fig la is a conceptual schematic of a typical con¬ 
verter. The 5V input provides the source for a self- 
oscillating configuration made up of transistors, a 
transformer, and a biasing network. The transistors 
conduct out of phase, switching each time the trans¬ 
former saturates. The transformer saturation develops 
a fast, high-current spike at the transformer’s base- 
drive winding, which switches the transistors. The 
transformer current drops abruptly and then rises 
slowly until saturation again forces the transistors to 
switch. This alternating operating sets the trans¬ 
former’s duty cycle at 50%. The transformer’s secon¬ 
dary signal is rectified, filtered, and regulated to pro¬ 
duce the ± 15V outputs. 

This configuration has a number of desirable fea¬ 
tures. The complementary, high-frequency (typically 
20 kHz) square-wave drive makes efficient use of the 
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In systems that are heavily populated with 
dipfital circuitry, it makes sense to pfenerate 
± 15Vfor analopf circuits locally. 


transformer and reduces the size of the filter capaci¬ 
tors. The self-oscillating primary drive tends to col¬ 
lapse under overload, providing desirable short-circuit 
characteristics. The transistors switch in a saturated 
mode, improving efficiency. 

This scheme of hard switching, in combination with 
deliberate transformer saturation, does have one draw¬ 
back, however. The significant, high-frequency current 
spike developed during the saturation interval devel¬ 
ops noise at the converter outputs. The spike also 


draws significant current from the 5V supply—a minor 
disturbance, because the converters’ input filter par¬ 
tially smooths the transient, and because 5V supplies 
are typically noisy anyway. The noise spikes at the 
output (typically 20 mV high) are a more serious prob¬ 
lem. Fig lb clearly shows the relationship among the 
transformer current (trace B), the transistor collector 
current (trace A), and the output spike (trace C). 

As the transformer current rises, the transistor be¬ 
gins to come out of saturation. When the current 


5V|n 



(a) 


LINEAR 

REGULATORS 




Fig 1—Although its efficiency and short-circuit characteristics are good, this converter (a) suffers from 'poor noise performance. The 
'waveforms (b) show that a current spike (trace C) generated during the s'witching sequence is the problem source. 
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reaches a high enough level, the circuit switches and 
generates the characteristic noise spike. The second 
transistor’s concurrent switching complicates the prob¬ 
lem, causing both ends of the transformer to conduct 
current to ground. You can use certain design tech¬ 
niques, including the proper selection of transistors 
and output filters, to reduce spike amplitude, but this 
converter’s output is inherently noisy. 

Spike-related noise troubles analog systems 

Such noisy operation can cause difficulties in preci¬ 
sion analog systems. IC power-supply rejection at the 
high-harmonic spike frequency is low, and it frequently 
causes analog-system errors. A 12-bit successive- 
approximation A/D converter is a good candidate for 
spike-related noise problems. Sampled-data ICs (such 
as switched-capacitor filters and chopper amplifiers) 
often show apparent errors that are induced by spikes. 
Even simple dc circuits can exhibit baffling instabilities 
that are actually spike-related problems masquerading 
as dc shifts. 

The drive scheme creates another problem—^high 
quiescent-current consumption. Base biasing always 
supplies full drive, ensuring that the transistors will 
saturate under heavy loads, but wasting power at 
lighter loads. Adaptive bias schemes can minimize this 
problem, but they increase circuit complexity, and this 
type of converter rarely employs them. 

The noise problem is the main drawback in this ap¬ 
proach to 5 to ± 15V conversion. Careful design tech¬ 
niques can minimize the converters’ noise problem, but 
they can’t eliminate it. One technique (Fig 2 ), for ex¬ 
ample, uses a bracket pulse to warn the host system 
when a noise spike is about to occur. The host system 
ceases any noise-sensitive operations during the 
bracket-pulse interval. The bracket pulse drives a de- 
layed-pulse generator, which triggers the flip-flop. The 


flip-flop’s output biases the switching transistors in 
such a way that the noise spike occurs during the 
bracket-pulse interval. Clocked operation can also pre¬ 
vent transformer saturation, thereby reducing noise 
even further. This scheme works well, but presumes 
that the host can tolerate periodic intervals of inactiv¬ 
ity when it is performing critical operations. 

Low noise is important for analog circuits 

The converter in Fig 3 supplies a ± 15V output fi"om 
a 5V input. Its wideband noise measures 200 |xV p-p—a 
100 % reduction over that of typical designs—and its 
efficiency for a 250-mA output equals 60%. The circuit 
achieves its low-noise performance by minimizing high¬ 
speed harmonic content in the power-switching stage. 
This result requires that you make the tradeoff in effi¬ 
ciency noted earlier, but the penalty is small in com¬ 
parison with the benefit. 

The 74C74 flip-flop divides the 74C14-based, 30-kHz 
oscillator into a 15-kHz, 2-phase clock. The 74C02 gates 
and the 10k/0.001-|xF delay networks condition this 
2 -phase clock into a nonoverlapping, 2 -phase drive at 
the emitters of Qi and Q 2 (traces A and B, respectively, 
in Fig 3b). These transistors act as level shifters to 
drive emitter followers Q 3 and Q 4 . The 100n/0.003-|xF 
filters loading the emitters of Q 3 and Q 4 slow the drive 
to output MOSFETs Q 5 and Qe. The filter’s effects 
appear at the gates of Q 5 and Qg (traces C and D, 
respectively). 

Q 5 and Qe are configured as source followers. There¬ 
fore, the gate terminal’s filtered slew rate limits the 
transformer’s rise time, resulting in well-controlled 
waveforms at the sources of Q 5 and Qg (traces E and 
F, respectively.) The complementary, slew-limited 
drive source for Tj eliminates the high-speed harmonics 
normally associated with this type of converter. After 
rectification, filtering, and regulation, Ti’s output be- 



Fig 2—By sending an overlap pulse to indicate an impending noise pulse, this circuit allows the system being powered to stop any critical 
operationSj avoiding converter noise-related problems. 
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Quiescent current, allowable input ran^e, 
wideband output noise, and cost are impor¬ 
tant issues in converter desi£in. 


comes the converter’s final output. The 470(1/0.001-jxF 
damper in Ti’s secondary winding maintains loading 
during switching to enhance low-noise performance. 
The ferrite beads in the gate leads of Q 5 and Qe elimi¬ 
nate the parasitic RF oscillations associated with fol¬ 
lower configurations. 

The source-follower configuration makes it easy to 
control Ti’s edge rise times, but complicates gate bias¬ 
ing. You’ll require special design steps to turn the 
MOSFETs fully on and off. Source followers Q 5 and 
Qg require voltage overdrive at the gates, because the 
5V primary supply can’t provide the lOV gate-channel 


bias necessary for saturation. Similarly, you must pull 
the gates well below ground to turn the MOSFETs 
off, because Ti’s behavior pulls the sources negative 
when the devices turn off. 

The negative side of Qg’s source waveform provides 
turn-off bias. Q 3 and Q 4 pull down to the -4V level 
developed by Di and the 22-|jlF capacitor. A 2-stage 
boost loop generates the turn-on bias. The 5V supply 
feeds to the LT1054 switched-capacitor voltage con¬ 
verter via D 3 . The LT1054, configured as a voltage 
doubler, initially provides about a 9V boost to point 
A at tum-on. '^^en the converter begins operating. 


(a) 


C> 


74C14 




-1- 

< 

OI 




3 2 

CK 74C74 



POINT A 

LT1054 

Q D 



(SEE TEXT) 

BOOST 

OUTPUT 

5 8 

1 



1 1 




- 17V DC 



CLK 
NONOVERLAP 
GENERATOR 


1N4001 

D3 


-O 5V,n (4.5V TO 5.5V) 


) 1N5817 
D2 



NOTES: 

/h = +15V COMMON 
■^ = 5V GROUND 

* = 1% FILM RESISTOR 
FET = MTP3055E-MOTOROLA 
PNP = 2N3906 
NPN = 2N3904 

LI = PULSE ENGINEERING INC’S #61592 
0 = FERRITE BEAD, FERRONICS, #21-1103 


Fig 3 — By minimizing highrspeed harmonic content in the power-switching stage, this converter design (a) achieves a 100 x reduction 
in undeband output noise. As the waveforms (h) show, all the switching transitions are clean. The output noise (c) is only 200 p-p. 
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Ti produces a turbo-boost output at pins 4 and 6 . D 2 
rectifies this output, which raises the LT1054's input 
voltage and further increases the boost at point A to 
approximately 17V. 

These internally generated voltages allow Q 5 and 
Qg to receive the proper drive, minimizing losses de¬ 
spite the source-follower connection. An ac-coupled 
trace of the converter’s 15V output (Fig 3c) shows 
200-|xV p-p noise at full power (250-mA output). The 
converter’s switching characteristics compare in ampli¬ 
tude to the noise characteristics of linear regulators. 
You can reduce switching-related noise even further 
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B 

20V/DIV 

20 AtSEC/DIV 

C 
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2 O/ 4 SEC/DIV 

D 
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20 /^SEC/DIV 
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10V/DIV 

20 /^SEC/DIV 


(b) 



VERTICAL 

HORIZONTAL 
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100 fN/DN 
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by slowing the rise times of Q 5 and Qg. To slow the 
rise times, however, you must reduce the clock rate 
and increase nonoverlap time to maintain available 
power and efficiency. The arrangement shown in Fig 
3 represents a favorable compromise among output 
noise, available power output, and efficiency. 

Satisfy high-resolution circuits’ needs 

Residual switching components and regulator noise 
set the performance limits for the converter in Fig 3. 
Analog circuitry operating at the very highest resolu¬ 
tion and sensitivity levels may require a converter with 
even less noise. Fig 4’s converter uses a sine-wave 
transformer drive to reduce harmonics to negligible 
levels. The transformer drive combines with special 
output regulators to produce less than 30 jxV of output 
noise. This value is also seven times lower than that 
of the previous circuit, and, in comparison with conven¬ 
tional designs, it approaches a 1000 x improvement. 
If you use this circuit, you’ll have to make a couple of 
tradeoffs, however: In comparison with Fig 3’s circuit, 
Fig 4’s circuit will be more complex and will sacrifice 
some efficiency. 

ICi of Fig 4 is configured as a 16-kHz Wien-bridge 
oscillator. The design uses a special bias level to pre¬ 
vent ICi’s output from saturating at the ground rail. 
Returning the undriven end of the Wien network to a 
dc potential derived from the LT1Q09 reference estab¬ 
lishes this bias. ICi’s output is a pure sine wave (trace 
A in Fig 4b) biased off ground. To maintain the sine- 
wave output, IC 2 compares IGi’s rectified and filtered 
positive output peaks with an LT1009-derived dc refer¬ 
ence. IC 2 's output biases ICi and servocontrols its gain. 
The 0.22-fxF capacitor provides temperature compen¬ 
sation for the loop, and the thermally mated diodes 
minimize errors caused by rectifier temperature drift. 
These provisions stabilize ICi’s ac and dc output terms 
against supply and temperature changes. 

ICi’s output ac-couples to IC 3 . The 2-kfl/820ft di¬ 
vider rebiases the sine wave, centering it inside ICs’s 
input common-mode range even with supply shifts. IC 3 
drives a power stage consisting of Q 2 through Q 5 . This 
stage’s common emitter outputs are biased to provide 
a IV rms drive for T 3 —even for a supply voltage of 
4.5V. With full converter loading, the power stage 
delivers 3A peaks, but the waveform is clean (trace 
B) and shows little distortion (trace C). 

The 330-|xF coupling capacitor strips dc voltage fi" 6 m 
the power-stage output, so T 3 ,has a pure ac input. The 
Q 4 and Q 5 collectors provide a feedback signal for IC 3 . 
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Analog circuitry operating at very high lev¬ 
els of resolution and sensitivity may require 
the lowest possible converter-noise levels. 


The O.l-fiF capacitor at the feedback source point sup¬ 
presses local oscillations, and the RC network in Ts’s 
secondary winding adds additional high-frequency 
damping. 

Without quiescent-current control, the power stage 
will experience thermal runaway and destroy itself. 
IC 4 measures the dc output current across Qs’s emitter 
resistor and servocontrols Qe to establish quiescent 
current. A divided portion of the LT1009 reference 
sets the servo point at IC 4 ’s negative input, and the 
0.33-p,F feedback capacitor stabilizes the loop. 

Ta’s rectified and filtered outputs drive regulators 
designed for low-noise operation. IC 5 and IC 7 amplify 


the LT102rs filtered lOV output to 15V, and ICe and 
ICg provide the -15V output. The LT1021/amplifier 
combination provides better noise performance than 
do 3-terminal regulators. The zener diode eliminates 
overvoltages caused by start-up transients. Li and L 2 
combine with their respective output capacitors to 
minimize noise problems. These inductors are outside 
the feedback loop, but their low copper resistance 
doesn’t significantly degrade regulation. 'Trace D, the 
15V output at full load, shows less than 30 p-V (2 ppm) 
of noise. The most significant tradeoff in this design 
is efficiency. The sine-wave transformer drive exacts 
a substantial power loss. At full output (75 mA), the 


5V|n (4.5 TO 5.5V) 



NOTES: 

Li, L 2 = PULSE ENGINEERING #92100 
-M- = 1N4148 

L 3 = PULSE ENGINEERING #65064 
= 1N4934 

UNMARKED NPN = 2N3904 
* - 1% METAL-FILM RESISTOR 
+ = THF337K006P1G-MALLORY 
•i* = -h 5V GROUND 
(a) /ij = +15V COMMON 


Fig 4 — To improve noise performance by 1000 x over that of conventional designs, this converter (a) uses sine-wave transformer drive to 
reduce harmonics to negligible levels. As the waveforms show (b), the 15V output (trace D) has less than 30 yJV of noise at full load. 
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efficiency is only 30%. 

Before operating the converter, you should trim the 
circuit for lowest distortion (typically 1 %) in the sine 
wave at the input of T 3 . You can perform this trimming 
by selecting the resistance value indicated at ICi’s 
negative input. The 270ft value shown is nominal and 
can vary by ±25%. The sine wave’s 16-kHz fi'equency 
represents a compromise between the op amp’s avail¬ 
able gain/bandwidth, magnetics size, audible noise, and 
wideband harmonic levels. 

Simplicity and economy are other important consid¬ 
erations in 5 to ± 15V converter designs. In these con¬ 
verters, the transformer is usually the most expensive 


component. The unusual drive scheme in Fig 5’s con¬ 
verter leads to significant cost savings—^it uses a simple 
2 -terminal inductor in place of the usual transformer. 
The design tradeoffs are the loss of input-to-output 
galvanic isolation and lower power output. In addition, 
this circuit’s isolation technique develops about 50 mV 
of clock-related output ripple. 

Fig 5’s circuit operates by periodically and alter¬ 
nately allowing each end of the inductor to fly back. 
The resulting positive and negative peaks are rectified 
and filtered. Controlling the niunber of flyback events 
during the respective output’s flyback interval regu¬ 
lates the converter. 


4.99k* 




TRACE 

VERTICAL 

HORIZONTAL 

A 

2V/DIV 

50 /iSEC/DIV 

B 

2V/DIV 

50 AtSEC/DIV 

C 

1% DISTORTION 

50 ^SEC/DIV 

D 

20 ^V/DIV 

50 AtSEC/DIV 
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Simplicity and economy are important con¬ 
verter-design pfoals; you can achieve both by 
using a simple inductor to replace the trans¬ 
former. 


Inverter IC 2 A develops a 20 -kHz clock signal (trace 
A in Fig 5b), which feeds a logic network composed 
of additional inverters, diodes, and the 74C90 decade 
counter. The counter output (trace B) combines with 
the logic network to present alternately phased clock 
bursts (traces C and D) to the base resistors of Qi and 
Q 2 . When <|)i (trace B) is inactive, it resides in its high 
state, and it biases Q 2 and Q 4 on. Q 4 ’s collector effec¬ 
tively grounds the bottom of Li (trace H). During this 
interval, <j )2 (trace A) sends clock bursts into Qi’s base 
resistor. If the - 15V output is too low, servocompara- 
tor ICia’s output (trace E) is high and Qi^s base can 
receive pulsed bias current. 

If the converse is true, the comparator’s output will 
be low and will gate the bias away through Qi’s base 


diode. When Qi is open to a bias input, Q 3 switches 
and produces a negative-going flyback event at the top 
of Li (trace G). The flyback event is rectified and fil¬ 
tered to develop the - 15V output. ICia regulates the 
number of clock pulses that switch the Q 1 /Q 3 pair. The 
LT1004 serves as a reference. 

The ac-coupled -15V output (trace J) shows the 
effect of ICia’s regulating action. The output stays 
within a small error window set by ICia’s switched 
control loop. As input-voltage and loading conditions 
change, ICia adjusts the number of permissible clock 
pulses to bias Q 1 /Q 3 and maintain loop control. 

When the <j)i and <j )2 signals reverse state, the opera¬ 
tional sequence reverses. Qs’s collector (trace G) pulls 
high, and ICib’s servo action controls Q 2 /Q 4 ’s switching 


LT1070: The inside story 

The LT1070 is a current-mode 
switcher whose duty cycle is con¬ 
trolled directly by switch current 
rather than output voltage (Fig 
A). The switch turns on at the 
start of each oscillator cycle and 


turns off when the switch current 
reaches a predetermined level. 
The output of a voltage-sensing 
error amplifier sets the current 
trip level to control the output 
voltage. 


This technique has several ad¬ 
vantages. First, unlike ordinary 
switchers, which have notori¬ 
ously poor line transient re¬ 
sponse, the LT1070 responds im¬ 
mediately to input-voltage vari- 



Fig A — The LT1070 is a current-mode switcher whose dviy cycle is controlled directly by switch current rather than output voltage. 
Unlike ordinary switchers, which have notoriously poor line transient response, it responds to input-voltage variations immediately. 
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to produce similar output waveforms. Traces F, H, 
and I illustrate ICib’s output, Q 4 ’s collector signal (Li’s 
bottom), and the ac-coupled 15V output, respectively. 

Although the two regulating loops share the same 
inductor, they operate independently, so no perform¬ 
ance degradation is caused by asymmetrical output 
loading. The inductor sees irregularly spaced shots of 
current (trace K), but is unaffected by this multiplexed 
operation. Clamp diodes prevent Q 3 and Q 4 from re- 
verse-biasing during transient conditions. The circuit 
provides ±25 mA of regulated current at 60% effi¬ 
ciency. 

Reduced quiescent ciurent is another aspect of 5 to 
±15V converter design. Typical coverters draw 100 
to 150 mA of quiescent current —a value that’s unac¬ 


ceptably high for many low-power systems. Fig 6 ’s 
converter design supplies ±15V at lOO-mA outputs 
while consuming only 10 mA of quiescent ciurent. The 
LT1070 switching regulator (see box, “LT1070; 'The 
inside story”) drives Ti in a flyback mode; the damper 
network clamps excessive flyback voltages. Half-wave 
rectification and filtering of Ti’s secondary signals pro¬ 
duces positive and negative output across the 47-p,F 
capacitors. 

A simple loop regulates the positive 16V output. 
Comparator ICia balances a sample of the positive 
output with a 2 . 5 V reference voltage from the LT 1020 . 
When the 16V output (trace A in Fig 6 b) is too low, 
ICiA switches high (trace B) and turns off the 4N46 
optoisolator. Qi turns off, and the LT1070’s control pin 


ations. Second, the current-mode 
configuration reduces the 90“ 
phase shift in the energy-storage 
inductor at middle ft’equencies. 
This reduction greatly simplifies 
closed-loop fi’equency-compensa- 
tion tasks under widely varying 
input-voltage or output-load con¬ 
ditions. Finally, the current¬ 
mode technique can use simple 
pulse-by-pulse current limiting to 
provide maximum protection for 
the switch under output-overload 
or short-circuit conditions. 

A low-dropout internal regula¬ 
tor provides a 2.3V supply volt¬ 
age for all of the LT1070’s inter¬ 
nal circuitry. Because of this low- 
dropout design, input-voltage 
variations from 3 to 60V have vir¬ 
tually no effect on the LT1070’s 
performance. 

A 40-kHz oscillator serves as 
the basic clock for all the 
switcher’s internal timing. The 
oscillator uses the logic and 
driver circuitry to turn on the 
output switch. Special adaptive 
circuitry monitors the output 
switch and instantaneously ad¬ 


justs the driver current to limit 
switch saturation. 

A 1.2V bandgap reference bi¬ 
ases the error amplifieFs positive 
input. The amplifieFs negative 
input is available at a pin on the 
package, so you can use it for out¬ 
put-voltage sensing. This feed¬ 
back pin has a second function: 
When it’s pulled low by an exter¬ 
nal resistor, the pin programs the 
LT1070 to disconnect the main 
error-amplifier output and con¬ 
nects the flyback amplifier’s out¬ 
put to the comparator input. The 
LT1070 then regulates the value 
of the flyback pulse with respect 
to the supply voltage. 

This flyback pulse is directly 
proportional to the output volt¬ 
age in the traditional trans¬ 
former-coupled, flyback-topology 
regulator. By regulating the 
flyback pulse amplitude, you can 
regulate the regulatoFs output 
voltage with no need for a direct 
connection between the input and 
the output. The output is fully 
floating for values as high as the 
breakdown voltage of the trans¬ 


former windings. A special delay 
network in the LT1070 improves 
output regulation by ignoring the 
leakage-inductance spike at the 
leading edge of the flyback pulse. 

The error signal developed at 
the comparator input comes out 
to an L'ri070 terminal. This Vc 
pin provides four different func¬ 
tions—^firequency compensation, 
current-limiting adjustment, soft- 
starting, and total regulator shut¬ 
down. During normal regulator 
operation, the Vc pin sits at a 
voltage between 0.9V Gow output 
current) and 2V (high output cur¬ 
rent). Since the error amplifiers 
are current-output types, you can 
clamp Vc externally to adjust the 
current limiting. A capacitor- 
coupled external clamp will pro¬ 
vide a soft-start capability. 

If you pull the Vc pin to ground 
through a diode, the switch duty 
cycle will go to zero and put the 
LT1070 in an idle mode. Rilling 
the Vc pin below 0.15V causes 
total regulator shutdown. 
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Fig $— To satisfy the needs of many low-power systems, this converter design (a) supplies ±15V outputs at 100 mA while consuming 
only 10 mA of quiescent current. As trace D of the scope photo (b) illustrates, the converter has a J^O~kHz switching frequency. Compared 
to conventional designs, this converter's efficiency (c) is far superior at light loads. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

5V/DIV 

100 /iSEC/DIV 

B 

5V/DIV 

100 /iSEC/DIV 

C 

10V/DIV 

100 /aSEC/DIV 

D 

10V/DIV 

100 /iSEC/DIV 

E 

10V/DIV 

100 /iSEC/DIV 

F 

10V/DIV 

100 /iSEC/DIV 

G 

20V/DIV 

100 /iSEC/DIV 

H 

20V/DIV 

100 /iSEC/DlV 

1 

0.05V/DIV 

100 /iSEC/DIV 

J 

0.05V/DIV 

100 /iSEC/DIV 

K 

1A/DIV 

100 /iSEC/DIV 



TRACE 

VERTICAL 

HORIZONTAL 

A 

lOOmV/DIV 

5 mSEC/DIV 

B 

20V/DIV 

5 mSEC/DIV 

C 

2V/DIV 

5 mSEC/DIV 

D 

20V/DIV 

5 mSEC/DIV 


(C) 



qI---------- 

0 10 20 30 40 50 60 70 80 90 100 

OUTPUT CURRENT (mA) 


(Vc) goes high (trace C). This action generates full- 
duty-cycle, 40-kHz switching at the Ysw (trace 
D). The resulting energy into Ti forces the 16V output 
to ramp quickly positive and turn off ICia's output. 
The 20-Mfl resistor, combined with the slow response 
of the 4N46 (note the delay between ICia'S going high 
and the Vc pin transition) provides about 40 mV of 
hysteresis. 

The LTlOTO's on/off duty cycle is load dependent, 
so it saves a significant amount of power when the 
converter operates with a light load. This characteristic 
is largely responsible for the 10-mA quiescent-current 
figure. 

The optoisolator preserves the converter’s input-to- 
output isolation. The LT1020, a low-quiescent-current 
regulator, further regulates the 16V line to develop 
the 15V output. This linear regulation eliminates the 
40-mV ripple and improves transient response. 

The -16V output tends to follow the regulated 
- 16V line, but the regulation is poor. The RC damper 
at pin 5 dlows the LT1020’s auxiliary onboard com¬ 
parator to function as an op amp. This op amp linearly 
regulates the - 16V line. MOSFET Q 2 provides low- 
drop-current boost and sources the - 15V output. The 
op amp stabilizes the -15V output by comparing it 
with the 2.5V reference via the 500k/3M summing re¬ 
sistors. The 1000-pF capacitors fi:*equency-compensate 
each regulating loop. Fig 6c plots this converter’s effi¬ 
ciency versus that of a conventional design for a range 
of loads. Although the results are similar for high loads, 
the low-quiescent-current circuit is superior at light 
loads. EDN 
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GUIDE 

dc/dc converters 
Part 2 


Proper instrumentation 
eases low-power 
dc/dc-converter design 


This article, part 2 of a Jf-part series, provides tips on 
selecting the right instrumentation to evaluate the per¬ 
formance of your low-power 5,12, and ±12V converter 
designs. Part 1 emphasized the design of low-noise 5 
to ±15V converters; parts 8 and h, respectively, will 
show how to design dcldc converters for power conserva¬ 
tion and how to replace inductors with switched-cap 
techniques in dcldc converter designs. 


Jim Williams and Brian Huffman, 

Linear Technology Corp 

Flexibility is the key parameter in selecting instrumen¬ 
tation for dc/dc-converter design. Although wide band- 
widths, high resolution, and computational sophistica¬ 
tion are valuable features, theyYe really unimportant 
in designing converters. Typically, converter design 
requires the simultaneous observation of a number of 
relatively slow circuit events. The instruments used 
in converter design must have such features as fully 
floating inputs, high sensitivity, differential dc nulling 
or slide-back plug-in capability, high-impedance 
probes, and versatile triggering/multitrace capability. 

Consider probe impedance, for example. Standard 
1 X and 10 x scope probes are fine for many measure¬ 
ments, but the ground strap can be a problem in some 
cases. Because wideband switching noise is present in 
dc/dc converters, you must use the shortest possible 
ground return when making low-level measurements. 
EDN October 27, 1988 



Fig 1—You can solve a lot of loading problems by using this simple 
probey which employs an LT1022 high-speed FET op amp to drive 
an LTlOlO bujfer. The LTlOlO’s output serves as a cable and probe 
drive sourcey and it also biases the circuifs input shield. 


IVs important, therefore, to use a probe that can 
accommodate a variety of tip-grounding accessories. 

You'll rarely require wideband, FET-type probes, 
but a moderate-speed, high-impedance buffer probe is 
quite useful. In many converter circuits (especially mi¬ 
cropower designs), youTl have to monitor high- 
impedance nodes. Usually, the 10-Mfl loading of stan¬ 
dard 10 X probes will suffice, but when you use these 
standard probes, you have to trade away sensitivity. 
On the other hand, the sensitivity of lx probes is 
adequate for most measurements, but these probes can 
create loading problems. 
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Tou^ll rarely require wideband FET-type 
probes, but a moderate-speed, hi 0 h-imped- 
ance buffer probe is useful. 


The simple circuit in Fig 1 solves probe-loading prob¬ 
lems. The design's LT1022 high-speed FET op amp 
drives an LTlOlO buffer. The LTlOlO's output serves 
as a cable and probe drive source and also biases the 
circuit's input shield. This biasing bootstraps the input 
capacitance and reduces its effect. The bandwidth as 
well as the ac and dc errors of this circuit are low 
enough for almost all converter work. If you build the 
circuit, along with its own power supply, into a small 
enclosure, you can use it as an input to an oscilloscope, 
with good results. 

An isolated probe allows you to make fiilly floating 
measurements even in the presence of high common¬ 
mode voltages. Such a capability is very useful when 
you have to look across floating points in a circuit 
rather than make the usual ground-referenced meas¬ 
urements. This probe can be very valuable for directly 
observing an ungrounded transistor's saturation char¬ 
acteristics or for monitoring waveforms across a float¬ 
ing shunt. 


OViN 

6 V 


Li 50 ftH 

PULSE ENGINEERING 
#51515 

-nnnr^ 



Fig 2—In this typical flyback-type convertery the LT1070's internal 
JfO-kHz clock produces a flyback event every 25 \x.sec. Each time the 
LTl070's pin internally switches to ground^ it produces an 
inductive flyback voltage that converts the 6V battery input to a 12V 
output. 


Current probes are also an indispensable tool for 
converter design. In many cases, current waveforms 
contain more valuable information than do voltage 
waveforms. Clip-on current probes are convenient. 
Hall-effect-based versions respond as low as dc and 
feature 50-MHz bandwidth capability. Transformer- 
type current probes are faster, but they have rolloff 
below several hundred hertz. Both types have satura¬ 
tion limitations. If you exceed these limitations, you'll 
get some confusing displays on the CRT. 

Consider using a nonelectronic voltmeter 

Almost any digital voltmeter will suffice for con¬ 
verter work. The meter should have current-measure¬ 
ment capability and provisions for battery operation. 
The instrument's capability to operate from battery 
power allows you to make floating measurements and 
eliminates possible ground-loop errors. In addition, a 
nonelectronic voltmeter (or volt-ohmmeter) is a worth¬ 
while addition to the converter-design bench. Con¬ 
verter noise occasionally disturbs electronic voltmeters 
and produces erratic readings. A nonelectronic voltme¬ 
ter contains no active circuitry, so it's less susceptible 
to noise-related problems. 

Addressing the needs of portable applications 

The power supply's current requirements can vary 
widely in many battery-powered applications. Al¬ 
though normal operation might require currents in the 
ampere range, supply-current drain might drop into 
the microampere range for systems that are in standby 
or sleep mode. A typical lap-top computer may draw 
1 to 2A while running and require only a few hundred 
microamps for memory backup when not running. 
Theoretically, any dc/dc converter designed for loop 
stability under no-load conditions will work in this com¬ 
puter application. From the practical standpoint, how¬ 
ever, a converter with a relatively large quiescent- 
current requirement may drain the battery excessively 
during intervals of low output current. 

Fig 2 shows a typical flyback-type converter. Each 
time the LTlOTO's Vsw internally switches to 
ground, it produces an inductive flyback voltage that 
converts the 6V battery input to a 12V output. The 
LTlOTO's internal 40-kHz clock produces a flyback 
event every 25 |xsec. The LTlOTO's internal error am¬ 
plifier controls the energy in this event by forcing the 
feedback pin, FB, to a 1.23V reference level. The RC 
damper network on the error amplifier's high-imped¬ 
ance output (Vq pin) provides compensation to stabilize 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

0.02V/DIV 
(AC COUPLED) 

1 SEC/DIV 

B 

5V/DIV 

1 SEC/DIV 

C 

2V/DIV 

1 SEC/DIV 

D 

10V/DIV 

1 SEC/DIV 


(C) 


TRACE 

VERTICAL 

HORIZONTAL 

A 

0.02V/DIV 

20 mSEC/DIV 

B 

5V/DIV 

20 mSEC/DIV 

C 

2V/DIV 

20 mSEC/DIV 

D 

10V/DIV 

20 mSEC/DIV 


Fig 5 —You can reduce quiescent current to only 150 (jl4 by 'pulling the Vq do'wn to imthin 150 mV of ground (a). Under no-load conditions 
(bf the 12V output (trace A) ramps down over a number of seconds. During this period^ the outputs of the paralleled 7Ji,C0U inverters and 
comparator ICj (trace B) are low, pulling the Vc pin low (trace C) and putting the LT1070 into its 50 -\lA shutdown mode. For a 3-mA 
load cu'rrent (c), the loop-oscillation frequency increases to keep up with the load’s sink-cu'rrent dema'nds. 
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An isolated probe lets you make fully flout¬ 
ing measurements even in the presence of 
hi 0 h common-mode voltages. 


the loop. This circuit works well, but it draws 9 mA 
of quiescent current. The 9 mA value might be exces¬ 
sive for applications that place size or weight limita¬ 
tions on the battery^s capacity. 

So how do you reduce quiescent current without 
degrading high-current performance? An auxiliary 
function of the LTlOTO's Vc pin offers one possible 
solution. When you pull Vc within 150 mV of ground, 
the LT1070 shuts down and draws only 50 |xA. The 
special loop in Fig 3a exploits this feature, reducing 
the quiescent current to only 150 |xA. This technique 
is particularly significant, and it has broad implications 
for battery-powered systems. IC 2 functions as a simple 
low-battery detector, pulling low when Vin drops be¬ 
low 4.8V. You can readily employ the technique in a 
wide variety of dc/dc converters to meet the needs of 
a great number of applications. 

The signal flow in Fig 3's circuit somewhat mirrors 
the flow in Fig 2's circuit. However, Fig 3a has addi¬ 
tional circuitry between the feedback divider and the 
Vc pin. In addition, the circuit in Fig 3a does not use 
the LTlOTO's internal feedback amplifier and reference. 
Fig 3b shows operating waveforms for Fig 3a under 
no-load conditions. 

The 12V output (trace A) ramps down over a period 
of seconds. During this period, the outputs of the paral¬ 
leled 74C04 inverters and comparator ICi (trace B) are 


low, pulling the Vc pin low (trace C) and putting the 
LT1070 into its 50-|jlA shutdown mode. The Vgw 
(trace D) is high during this sequence, so there's no 
inductor current flow. When the 12V output decreases 
about 20 mV, ICi triggers and the 74C04 inverter 
outputs go high. 

This inverter output transition pulls the Vc pin high 
and turns on the LT1070. The Vsw pulses the 
inductor at the 40-kHz clock rate, abruptly increasing 
the circuit's output. This transition triggers ICi low 
and forces the Vc pin back into the shutdown mode. 
This bang-bang control loop keeps the 12V output 
within the 20-mV ramp-hysteresis window set by R 3 
and R 4 . Diode clamps prevent any overdrive at the 
Vc pin. Note that the 4- to 5-sec loop-oscillation period 
minimizes the significance of the R 6 -C 2 time constant 
at Vc- Because the LT1070 spends most of the time 
in a shutdown mode, the circuit draws very little quies¬ 
cent current. 

Fig 3c shows the same waveforms for a 3-mA load 
current. The loop-oscillation frequency increases to 
keep up with the load's sink-current demands. The 
Vc pin's waveform (trace C) now begins to take on a 
filtered appearance, thanks to R 6 -C 2 ^s 10-msec time 
constant. If the load continues to increase, the loop- 
oscillation frequency will alsd increase. The Ris fixed, 
however. Above some frequency, therefore, the R 6 -C 2 
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Fig 4 — When you look at the waveforms for a lA load, you see that the Vq pin is at dc arid the repetition rate now equals the LTl070^s 
W-kHz clock frequency (a). As the loading increases (b), the loop oscillates at a higher frequency because of Cfs decreased decay time. 
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network must average loop oscillations to dc. 

When you look at the waveforms for a lA load (Fig 
4a), you see that the Vc pin is at dc and the repetition 
rate now equals the LTlOTO’s 40-kHz clock frequency. 
Fig 4b plots what’s happening. As the output current 
rises, the loop-oscillation frequency also increases until 
it reaches approximately 500 Hz. At 500 Hz, the R 6 -C 2 
time constant filters the Vc pin to dc, and the LT1070 
goes into normal operation. When the Vc pin is at dc, 
it’s convenient to think of Fig 3a’s ICi and the in¬ 
verters as a linear error amplifier with a closed-loop 
gain set by the R 1 -R 2 feedback divider. Actually, ICi 
is still duty-cycle modulating, but it’s doing so at a 
rate far above R 6 -C 2 's break frequency. The R 6 -C 2 
roll-off plus the R 7 -C 3 network dominate the phase- 
error contribution fi^om Ci (which was selected for low 
loop frequency at low output currents). The loop is 
stable, and it responds linearly for all loads greater 
than 80 mA. In this high-current region, the LT1070 
is actually fooled into behaving as it does in Fig 2’s 
circuit. 

Simplifications give insight into loop’s stability 

Performing a formal stability analysis for this circuit 
is quite complex, but some simplifications can provide 
insight into the loop’s operation. When the load current 
is 100 |xA, Cl and the load resistance form a decay 
time constant that exceeds 300 sec. This value is larger 


by several orders of magnitude than the R 7 -C 3 and 
R 6 -C 2 time constants or the LT1070’s 40-kHz commuta¬ 
tion rate. As a result, Ci dominates the loop. 

Wideband amplifier ICi sees phase-shifted feedback 
that develops very-low-frequency oscillations similar 
to those that occur in Fig 3b. Some layouts may require 
substantial trace area for ICi’s inputs. In such cases, 
the optional 10-pF capacitor shown in Fig 2a ensures 
clean transitions at ICi’s output. Although Ci has a 
long decay time constant, it has a short charge time 
constant because the circuit has a low source imped¬ 
ance. These disparate time constants account for the 
ramp-like nature of the oscillations. 

You can reduce the Ci load’s time constant by in¬ 
creasing the loading. As the loading increases (Fig 
4b), the loop oscillates at a higher frequency because 
of Cl’s decreased decay time. When the load impedance 
becomes low enough, Ci’s decay time constant ceases 
to dominate the loop and passes control to the R 6 -C 2 
combination. Once Rg and C 2 take over as the dominant 
time constant, the loop begins to behave as a linear 
system does. 

In the region above 75 mA, the LT1070 runs continu¬ 
ously at its 40-kHz clock rate. Now the R 7 -C 3 time 
constant becomes significant, and it acts as a simple 
feedback lead to smooth the output response. 

Selecting values for R 7 and C 3 involves a fundamen¬ 
tal tradeoff. When the converter is running in its linear 
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VERTICAL 

HORIZONTAL 

A 

10V/DIV 

5 mSEC/DIV 

B 

0.1V/DIV 

5 mSEC/DIV 


(AC COUPLED) 




(b) 


Fig 5 —Despite the complex dynamics inherent in Fig 3, the transient response for a no-load-to-lA step (a) is quite good. When you look 
at the converter's efficiency performance (b), you^ll note that the converter's high-power efficiency matches that of standard conveners^ and 
its low-power efficiency is somewhat better than that available from standard converters. 
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NOTES: 

*1% FILM RESISTOR 
^^OPTIONAL (SEE TEXT) 

NPN TRANSISTORS ARE 2N3904S 
PNP TRANSISTORS ARE 2N3906S 
INVERTERS ARE 74C04S 
DIODES ARE 1N4148s 


(a) 



Fig 6—Using the special loop technique to introduce conditional instability works just as well in step-down converters (a). In transformer- 
coupled converters (h), you can use the loop technique to develop multiple outputs. 


region, R 7 and C 3 must dominate the designed-in dc 
hysteresis generated by R 3 -R 4 . As a result, you must 
select values for R 7 and C 3 that provide the best com¬ 
promise between the output ripple at high load levels 
and the loop’s transient response. 

Flyback converter has good transient response 

Despite the complex dynamics, the transient re¬ 
sponse of Fig 3a is very good. Fig 5a illustrates the 
circuit’s performance for a no-load-to-lA step. When 
trace A goes high, a lA load (trace B) appears across 
the output. Initially, the slow loop-response time 
causes the output to sag by almost 150 mV. When the 
LT1070 comes on (signaled by the 40-kHz fuzz at the 
very bottom of trace B), the output response is reason¬ 
ably quick and surprisingly well behaved, considering 
the circuit dynamics. The multi time-constant decay (or 
rattling) shows up as trace B approaches steady state 
between the fourth and fifth vertical divisions. 

Fig 5b plots efficiency versus output current for Fig 
3a’s circuit. The circuit’s high-power efficiency matches 


that of standard converters. Its low-power efficiency 
is somewhat better than that available with standard 
converters. Its standby efficiency is rather low, but 
that fact is not particularly bothersome, because the 
power loss approaches battery self-discharge levels. 

The special loop in Fig 3a provides a controlled, 
conditional instability, rather than the usually more 
desirable and often elusive unconditional stability. This 
deliberately introduced characteristic lowers the con¬ 
verter’s quiescent current by a factor of 60 without 
sacrificing high-power performance. This special loop 
technique is not restricted to boost-type converters—it 
will readily work in other designs. 

The step-down (buck-mode) configuration in Fig 6a, 
for example, uses the same basic loop and most of the 
same components. The LT1072 (a low-power version 
of the LT1070) drives Qi (a p-channel MOSFET) to 
convert a 12V input to a 5V output. Q 2 and Q 3 provide 
current limiting, and Q 4 supplies turn-off drive for Qi. 
Fig 6a’s hysteresis biasing (the 1 -Mfi resistor at the 
comparator’s noninverting input) differs slightly from 
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that of Fig 2a because of the lower output voltage. 
In other respects, the loop and its performance are 
identical to those of Fig 2a. Fig 6b shows how you can 
use this loop concept in a transformer-coupled con¬ 
verter. Note that the floating secondaries allow the 
circuit to generate a ± 12V output. EDN 
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Design dc/ dc converters 
for power conservation 
and efl&ciency 


This article^ part 8 of a Jf-part series, will demonstrate 
design techniques for optimizing power conservation, 
efficiency, and wide input range in dcldc converters. 
Parts 1 and 2 of this series covered the design of 5-to 
± 15V converters and the proper use of instrumentation 
in converter design. Part If will show how to replace 
inductors with switched-capacitor techniques in dcldc- 
converter designs. 


Jim Williams and Brian Huffman, 

Linear Technology Corp 

At first glance, converter power drain, efficiency, and 
input range might seem an odd threesome. In portable 
applications, however, power drain and efficiency go 
hand in hand. And wide-input-range capability is often 
closely related to both these parameters. In applica¬ 
tions where space or reliability are major considera¬ 
tions, it’s sometimes best to operate circuitry from a 
single 1.5V cell. This objective eliminates almost all 
ICs as design candidates. Although it’s possible to de¬ 
sign circuitry that runs directly from a single cell, a 
dc/dc converter with a wide input-range capability al¬ 
lows you to use standard higher-voltage ICs. 

Fig I’s design converts the output of a 1.5V cell to 
a 5V output and features quiescent current of only 125 
fxA. Oscillator ICia s output—^trace D in Fig lb—is a 
2-kHz square wave. This circuit has a conventional 


configuration, with one exception: The biasing scheme 
accommodates the narrow common-mode range avail¬ 
able with the 1.5V supply. To maintain low power, 
ICia's integrating capacitor has a small value, which 
limits the swing to only 50 mV. IC 2 a and IC 2 b operate 
in parallel to drive Ti. This parallel connection mini¬ 
mizes saturation losses. 

When the 5V output (trace A) slopes down far 
enough, ICib's output goes low (trace B) and pulls the 
noninverting inputs of both IC 2 a and IC 2 b close to 
ground. ICia s clock signal now forces energy into Ti. 
Ti’s flyback pulses, rectified and stored in the 47-p-F 
capacitor, form the converter’s dc output. ICib on-off 
modulates C 2 at whatever duty cycle is necessary to 
maintain the converter’s 5V output. The LT1004 serves 
as a reference, and the resistor divider at ICib^s posi¬ 
tive input sets the output-voltage level. The Schottky 
clamp at IC 2 ^s outputs prevents any parasitic behavior 
of Ti from developing negative-going overdrives. 

The LT1004’s output is bootstrapped to the 5V out¬ 
put so that the converter can operate with inputs as 
low as I.IV. The 10-Mfl bleed resistor ensures circuit 
start-up, and the 1-MH resistors divide the 1.2V refer¬ 
ence to keep ICib within common-mode limits. ICib's 
positive feedback establishes hysteresis of about 100 
mV, and the 22 -pF capacitor suppresses high-fi*e- 
quency oscillations. 

This circuit’s low duty cycle at light loads minimizes 
quiescent current. The 125-jxA figure noted is quite 
close to the LTlOlT’s steady-state currents. As the 
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In small portable computers, converters 
must operate from a battery input with very 
hi^h efficiency. 


load increases, the duty cycle increases to meet the 
demand, drawing more power from the battery. A de¬ 
crease in the battery’s output voltage produces similar 
behavior. 

Fig Ic plots the available output current versus the 
battery voltage for Fig la. Predictably, the highest 
power is available from a fresh cell, although the circuit 
maintains regulation to 1.15V for 250-|xA loading. Be¬ 


cause of the low supply voltage, it’s difficult to control 
the saturation and other losses in Fig I’s circuit. As a 
result, the circuit’s efficiency is only about 50%. 

Fig I’s circuit is useful in low-power applications, 
but some 1.5V systems require much more power. Fig 
2’s circuit provides a 5V/200-mA output. Assuming that 
Fig 2’s circuit operates continuously at high power, its 
quiescent-current level is allowed to be higher than 


ririso pF 


3.9M 


1.5 V 


(a) 


3.9M 

WsA 



■vW 



10M 

15VO vV\A 



*1% METAL FILM RESISTOR 
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HORIZONTAL 

A 

100 mV/DIV 

5 mSEC/DIV 
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2V/D1V 

5 mSEC/DIV 

C 

2V/D1V 

5 mSEC/DIV 

D 

2V/DIV 

5 mSEC/DIV 



Fig 1—Featuring a quiescent current of only 125 \xA, this dc/dc converter (a) generates 5V from a 1.5V cell input. Oscillator output 
is a 2-kHz square wave (b, trace D). A plot of output current versus battery voltage (c) shows that the highest power is available from a 
fresh cell. 
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TRACE 
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HORIZONTAL 
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5V/DIV 

2 mSEC/DIV 
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10V/DIV 
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2V/DIV 
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(b) 

1V/D)V 
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Fig 2—Essentially a flyback-type regulator, this dcldc converter (a) generates 5V at 200 mA. When power is applied, IC^a oscillates at 5 
kHz (h). The circuiVs input-output characteristics (c) illustrate that the circuit will start into a full load as long as the battery voltage 
equals 1.2V. Although the circuit's performance is impressive, its quiescent power requirements at lower currents degrade its efficiency 
figures (d). 


that of Fig 1. 

The circuit in Fig 2 is essentially a flyback-type regu¬ 
lator. Because the LT1070 exhibits low saturation 
losses and is easy to apply, it^s simple to design the 
flyback regulator to supply the IW output. Unfortu¬ 
nately, the LT1070 has a 3V min supply-voltage re¬ 
quirement. Bootstrapping from the 5V converter out¬ 
put to the LT1070’s supply pin satisfies that require¬ 


ment. The dual comparator (ICia ICib) ^^e 
transistors form a start-up loop. 

When power is applied, ICia oscillates at 5 kHz (see 
trace A in Fig 2b), biasing Qi and allowing it to drive 
the base of Q 2 . Q 2 s collector (trace B) pumps energy 
into Li and generates step-up voltage-flyback signals. 
These signals are rectified and stored in the 500-|xF 
capacitor to produce the converter’s 5V output. 
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In many applications, dc/dc converters must 
accommodate a wide ran^e of input 
voltages. 


ICib is configured so that its output (trace C) goes 
low when the converter’s output crosses the 4.5V level. 
When ICib's output goes low, ICia s integration capaci¬ 
tor pulls low and terminates the circuit’s oscillations. 
Under these conditions, Q 2 can no longer drive Li. 
The LT1070 can, however. You can see this behavior 
(trace D) at the LTlOTO’s Vsw pin. When the start-up 
circuit activates, the Vjn pin of the LT1070 has an 
adequate supply voltage and starts to operate—at the 
fourth vertical division in Fig 2b’s scope photo. There’s 
some overlap between the turn-off of the start-up loop 
and the LT1070’s turn-on, but it has no detrimental 
effect. 

Careful design allows the start-up loop to function 
over a wide range of loads and battery voltages. Start¬ 
up currents exceed lA, so Q 2 's saturation and drive 
characteristics are particularly important. 

Fig 2c plots the circuit’s I/O characteristics. Note 


that the circuit will start for all loads as long as the 
battery voltage is 1.2V or better. With reduced loads, 
the circuit will start for battery levels as low as IV. 
Once the circuit starts, it can drive full 200-mA loads 
with battery voltages as low as IV. Fig 2d plots the 
efficiency of Fig 2a’s circuit at two supply-voltage lev¬ 
els for a range of output currents. Although the cir¬ 
cuit’s performance is impressive, its quiescent power 
requirements at lower currents degrade its efficiency 
figures. Fixed junction-saturation losses at the lower 
supply-voltage levels are responsible for the lower 
overall efficiency. 

Addressing the efficiency question 

Efficiency is a prime concern in some converter appli¬ 
cations (see box, “Design converters for optimum effi¬ 
ciency”). In small portable computers, for example, 
the converter typically must generate 5V from a 12V 


Design converters for optimum efficiency 


Squeezing the utmost efficiency 
out of a converter is a complex, 
demanding design task. To obtain 
efficiencies in excess of 80 to 85%, 
you’ll have to use some finesse, 
some witchcraft;, and some plain 
luck. The interaction of electrical 
and magnetic terms produces 
subtle effects that influence a con¬ 
verter’s efficiency. It’s not possi¬ 
ble to establish a detailed, gener¬ 
alized method for obtaining maxi¬ 
mum converter efficiency, but it’s 
easy to list some guidelines. 

Losses fall into several loose 
categories: junction, ohmic, 
drive, switching, and magnetic. 
Semiconductor junctions produce 
losses. Diode drops increase with 
operating current, a fact that can 
be quite costly in low-output- 
voltage converters. A 700-mV 
drop in a 5V-output converter in¬ 
troduces a loss of more than 10%. 
Schottky devices will cut this loss 
by almost 50%, but it’s still ap¬ 
preciable. Germanium devices. 


which are rarely used today, cut 
losses even more, but their 
switching losses negate their low- 
drop performance at high speeds. 
Germanium devices’ reverse leak¬ 
age may be equally oppressive in 
very-low-power converters. 

Synchronously switched rectifi¬ 
cation (Fig 3a) is more complex, 
but it can sometimes simulate a 
more efficient diode. When evalu¬ 
ating such a scheme, however, re¬ 
member to include both ac and 
dc drive losses in efficiency calcu¬ 
lations. DC losses include base or 
gate current in addition to dc con¬ 
sumption in any driver stage. AC 
losses might include the effects 
of gate (or base) capacitance, 
transition region dissipation, and 
power lost because of the delay 
between the application of the 
drive and the actual switch 
action. 

'Transistor saturation losses are 
also a significant term. Channel 
and collector-emitter saturation 


losses become increasingly sig¬ 
nificant as the operating voltage 
decreases. The most obvious way 
to minimize these losses is to se¬ 
lect low-saturation components. 
This scheme will work, in some 
cases, but remember to include 
drive losses (which are usually 
higher for low-saturation devices) 
in overall loss estimates. 

Sometimes, it’s difficult to as¬ 
certain the actual losses caused 
by saturation effects and diode 
drops. Changing duty cycles and 
time-variant currents complicate 
matters. However, there’s one 
simple way to make relative-loss 
judgments: You can measure the 
rise in device temperature. Un¬ 
fortunately, this technique is not 
very effective at low power lev¬ 
els. In some cases, you can deter¬ 
mine losses by deliberately add¬ 
ing a known loss to the compo¬ 
nent in question and then noting 
any change in efficiency. 

Ohmic losses in conductors are 
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battery input, and it must do so very efficiently. With 
a 90% efficiency rating, the positive buck converter 
in Fig 3a fills the bill easily. 

Transistor Qi serves as the pass element. Replacing 
the catch diode typically used in buck-type converters 
with a a synchronous rectifier (Q 2 ) improves the effi¬ 
ciency of Fig 3a's circuit. The input supply is nominally 
12V, but it can vary from 9.5 to 14.5V. The NMOS 
transistors used for Qi and Q 2 have a low (0.028fi) 
source-to-drain resistance, which minimizes power 
losses. The inductoFs low-loss core material helps 
squeeze a little more efficiency out of the design. In 
addition, keeping the current sense-threshold low mini¬ 
mizes the power loss in the current-limiting circuit. 

Fig 3b illustrates the operating waveforms. When 
the Vsw turns off (trace A), Q 5 drives Q 2 . Q 2 turns 
off (through Di and D 2 ) when Vg^ is on. To turn on 
Qi, you must drive its gate (trace B) above the input- 


voltage level. Cl, bootstrapped from the drain of Q 2 
(trace C), provides this drive. Ci charges up through 
Di when Q 2 turns on. When Q 2 turns off, Q 3 conducts 
to provide a path for Ci to turn Qi on. During this 
period, current flows through Qi (trace D), through 
the inductor (trace E), and into the load. 

Qi turns off when the Vg^ pin is off, allowing Q 5 
to turn on Q 4 and pull Qi's gate low through D 3 and 
the 50fi resistor. This resistor reduces the noise volt¬ 
age generated by Qi’s fast switching transitions. Qi 
must be off when Q 2 is conducting (trace F). The effi¬ 
ciency of Fig 3a^s circuit will suffer if both transistors 
are conducting simultaneously. The 220 fl resistors 
combine with D 2 to minimize any switch-cycle overlap. 

Transistors Qe through Q 9 provide short-circuit pro¬ 
tection. The LT1004, Qg, and the 9-kn resistor gener¬ 
ate a 200 -ijiA current that flows through Ri and devel¬ 
ops a 124-mV threshold for the Qy-Qs comparator. 


usually significant only at higher 
current levels. Hidden ohmic 
losses include socket and connec¬ 
tor contact resistance and equiva¬ 
lent series resistance (ESR) in ca¬ 
pacitors. ESR generally de¬ 
creases as the capacitance value 
increases, and increases as the 
operating fi^equency increases. 

Don’t forget the copper resis¬ 
tance of inductive components. 
Quite often, you have to evaluate 
the tradeoffs between an induc¬ 
tor’s copper resistance and its 
magnetic characteristics. 

Components make a difference 

Drive losses are also important 
when it comes to efficiency, A 
MOSFET’s gate capacitance 
draws substantial ac drive cur¬ 
rent per cycle, which implies that 
average currents will increase as 
frequency increases. Bipolar de¬ 
vices have lower capacitance, but 
dc base-current requirements 
make them very power hungry. 


Large-area devices may appear 
attractive because of their low 
saturation, but you must evaluate 
drive losses carefully. Usually, 
large-area devices are viable only 
when the converter will operate 
consistently at a significant per¬ 
centage of its rated current. 

Efficiency should be a major 
consideration in any drive-circuit 
design. Class A drives (resistive 
pull-up or pull-down drives) are 
simple and fast, but they’re ineffi¬ 
cient. For efficient operation, 
you’ll typically need to use active 
source-sink combinations that 
have minimal cross-conductance 
and biasing losses. 

Switching losses occur when 
devices spend significant 
amounts of time (relative to oper¬ 
ating fi^-equency) in their linear 
region. At higher repetition 
rates, transition times can be¬ 
come a substantial source of loss. 
Proper device selection and 
drive-circuit design can minimize 


these losses. 

Magnetics design can also influ¬ 
ence a converter’s efficiency. It’s 
important for you to consider 
such issues as core-material selec¬ 
tion, wire type, winding tech¬ 
niques, size, operating fi*equency, 
current levels, and temperature. 
Practically speaking, access to a 
skilled magnetics specialist is the 
only way to ensure a successful 
design. Fortunately, electrical 
losses typically outweigh mag¬ 
netic losses, so you can usually 
realize fairly high efficiency by 
using standard magnetic compo¬ 
nents. If the converter’s effi¬ 
ciency is still too low after you’ve 
reduced losses to the lowest prac¬ 
tical level, you’ll need to use cus¬ 
tom magnetics. 
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The buck-boost converter topolo£fy is very use¬ 
ful in circuits where the input voltage can 
be either lower or higher than the output 
voltapfc. 


When the voltage drop across the 0.0180 sense resistor 
exceeds 124 mV, Qg turns on. The LT1072's Vsw 
goes off when the Vc pin drops below approximately 
0.9V. This drop occurs when Qg forces Q 9 to saturate. 
The RC damper across Qg suppresses line transients 
that might turn on Qg prematurely. 

Designing for wide input-range capability 

Converters must often accommodate a wide range 


of inputs. Telephone-line voltages, for example, can 
vary over a considerable range. Fig 4^s circuit uses 
an LT1072 to supply a 5V output from a telecomm-type 
input. The raw telecomm supply is nominally -48V, 
but it can vary from -40 to -60V. The Vsw 
accommodate this voltage range, but the Vi^ pin re¬ 
quires some protection, because it has a GOV max rat- 
ing. Qi and the 30V zener diode provide this protection, 
decreasing the Vj^ pin's voltage to acceptable levels 



(a) 
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20V/DIV 

10 AtSEC/DIV 

B 

20V/DIV 

10 ;tSEC/DIV 

C 

20V/DIV 

10 ;tSEC/DIV 
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2A/DIV 
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E 

2A/DIV 
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2A/DIV 

10 /iSEC/DIV 


Fig 3 —With a 90% efficiency specificatioriy this positive-buck-converter design readily satisfies the needs of small portable computers. 
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under all line conditions. 

In Fig 4, the top of the inductor is at ground and 
the LT1072’s ground pin is at the negative supply- 
voltage rail. The LT1072’s feedback pin senses signals 
with respect to the ground pin, so the 5V output must 
provide a level shift. Q 2 provides this shift by introduc¬ 
ing a low (-2-mV/®C) drift. Such a drift normally pre¬ 
sents no problems in a logic supply. In problem cases, 
the optional network shown will provide appropriate 
compensation. 

The RC damper at the Vc pin provides frequency 
compensation. The 68V zener diode is designed to 
clamp and absorb excessive line transients that might 
otherwise damage the LT1072; the Vsw pin has a 75V 
max rating. 

The approach in Fig 5 has an even wider input range. 
In this case, the converter produces a -5V output 
( + 5V optional). The coupled inductor will accom¬ 
modate buck, boost, or buck-boost converter configura¬ 
tions. As the figure shows, this converter will handle 


an input range of 3.5 to 35V dc. 

Fig 5b shows the operating waveforms for the cir¬ 
cuit. When the Vsw pin is on (trace A), current flows 
through the transformer’s primary winding (trace B). 
The reverse bias on catch diode Di prevents any cur¬ 
rent transfer to the secondary winding during this pe¬ 
riod: The energy is stored in the transformer’s mag¬ 
netic field. When Vsw turns off, Di forward-biases and 
transfers the energy to the secondary winding. Traces 
C and D show the voltage on the secondary winding 
and the current flow through the secondary winding, 
respectively. Because the transformer is not an ideal 
device, not all of the primary winding’s energy is cou¬ 
pled into the secondary winding. The energy left in 
the primary winding generates overvoltage spikes on 
the Vsw pii^ (trace E). 

A leakage-inductance term in series with the trans¬ 
former’s primary winding models this phenomenon. 
When Vsw turns off, the transformer current continues 
to flow, causing the snubber diode to conduct. As the 



OPTIONAL 

LOW-DRIFT FEEDBACK 
CONNECTION (SEE TEXT) 



NOTES.- 

*MUR410 (MOTOROLA) 
**1.5KE68A (MOTOROLA) 


Fig 4—To accommodate applications with wide input-voltage ranges, this converter can handle kO to dOV dc signals. 
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Linear converters don^t encounter the dy¬ 
namic problems that switching regulators 
face under varying input and output 
ranges. 


transformer loses its energy, the snubber-diode cur¬ 
rent falls to zero, clamping the voltage spike. The feed¬ 
back pin senses with respect to ground, so Qi through 
Q 3 use the - 5V output to provide a level shift. 

The buck-boost solution for wide input range 

The buck-boost topology is useful in circuits whose 
input voltage can be either lower or higher than the 
output voltage. The design in Fig 6 uses a single induc¬ 


tor in place of the transformer that you’d typically use 
in such designs. The circuit’s operation somewhat mir¬ 
rors that of Fig 5’s converter. 

The pass-transistor gate-drive scheme is identical 
in both cases, except that in Fig 6 the gate-source 
voltage is clamped so that it won’t exceed the device’s 
±20V rating. Fig 6b shows the operating waveforms. 

When Vsw is on (trace A), pass transistor Qi satu¬ 
rates. The gate voltage (trace B) is clamped by the 
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10 mSEC/DIV 

D 

4A/DIV 

10 /iSEC/DIV 

E 

20V/DIV 
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F 

2A/DIV 

1 /iSEC/DIV 


Fig 5—Able to handle inputs ranging from 3,5 to 35V dc, this circuifs coupled-inductor design urill accommodate buck, boost, or buck-boost 
converter configurations. 
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zener diode. Traces C and D show the voltage on Qi's 
drain and the current through Qi, respectively. The 
similarities between the two circuits end here. 

In Fig 6 's circuit, the inductor is within one diode 
drop (D 2 ) above ground, instead of being tied to the 
output, as it is in Fig 5. As a result, the voltage drop 
across the inductor—except for Qi's Vbe drop and 


saturation losses—is now equal to the input voltage. 
Dj is reverse-biased, and it prevents the output capaci¬ 
tor from discharging into the Vsw When the Vgw 
pin is off, Qi and D 2 cease to conduct. Because the 
current in the inductor (trace E) continues to flow, 
D 3 and D 4 forward-bias, allowing the inductor energy 
to transfer into the load. Trace F illustrates the current 


330 hH 
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10 /iSEC/DIV 


Fig B—The buck-boost topology is useful in circuits where the input voltage can be either lower or higher than the output voltage. 
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TRACE 

VERTICAL 

HORIZONTAL 

A 

200 mV/DIV 

500 mSEC/DIV 

B 

50V/DIV 

500 fiSECIDN 

C 

20V/DIV 

500 AtSEC/DIV 

D 

5A/DIV 

500 mSEC/DIV 


Pout = 12W 


Vo = 12V, V,N = 15V 



, = 5V, V,N = 


Vo = 5V, V|N = 15V; LT1083 WITH NO PREREGULATOR. 
THEORETICAL LIMITS ONLY DISSIPATION LIMITED 


Vo = 5V, V,N = 28V: LT1083 WITH NO PREREGULATOR. 
THEORETICAL LIMITS ONLY DISSIPATION LIMITED 


(c) 


3 4 

OUTPUT (A) 


Fig 7 — Although typical linear converters have efficiency and temperature-rise prohlems, this design efficiently controls high power 
under widely varying input and output conditions. 


flow through D 3 . D 2 prevents Qi from staying on when 
the circuit is operating in buck mode. Di, on the other 
hand, blocks current flow into the gate-drive circuit 
when the converter is operating in boost mode. 

A look at a linear-type solution 

In a sense, linear regulators are extremely wide- 
range dc/dc converters. They don't encounter the dy¬ 
namic problems that switching regulators face under 
varying input and output ranges. Linear regulators 
simply dissipate excess energy as heat. This elegantly 
simple energy-management mechanism creates a sig¬ 
nificant amount of inefficiency and temperature rise. 
Fig 7 illustrates a design that allows a linear regulator 
to control high power efficiently under widely varying 
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input and output conditions. 

The regulator resides within a switched-mode loop 
that servocontrols the voltage across the regulator. 
In this arrangement, the regulator functions normally, 
while the loop maintains the voltage across the regula¬ 
tor at a minimal value regardless of line-, load- or 
output-setting changes. Although this approach can't 
match the efficiency of a classical switching regulator, 
it maintains the low noise and fast transient response 
inherent in the linear regulator. 

The LT1083 functions conventionally, supplying a 
regulated, 7.5A output. The remaining components 
form the switched-mode, dissipation-limiting control 
loop. This loop forces the potential across the LT1083 
to equal the 1 . 8 V value of Vref- The optoisolator pro- 
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Lar^e-area devices may appear attractive 
because of their low saturation, but you 
must evaluate drive losses carefully. 


vides a convenient way to look at the differentially 
sensed voltage across the LT1083 as though it were a 
single-ended input. When the regulator input (trace 
A in Fig 7b) decays far enough, the LTlOll output 
(trace B) switches low and turns Qi on (trace C), allow¬ 
ing current to flow from the circuit input (trace D) into 
the 10,000-|jlF capacitor and raise the regulator's input 
voltage. 

When the regulator input rises high enough, the 
comparator goes high, turning off Qi; the capacitor 
stops charging. The MR 1122 damps the current- 
limiting inductor's flyback spike. The 0.001-|JLF/1-Mfl 
combination sets the loop hysteresis at about 100 mV 
p-p. This free-running, oscillation-control mode sub¬ 
stantially reduces dissipation in the regulator without 
degrading its performance. Despite changes in the in¬ 
put voltage, regulated outputs, or load shifts, the loop 
always ensures minimum dissipation in the regulator. 

Fig 7c plots the efficiency of the circuit in Fig 7a 


at various operating points. Thanks to the loop's per¬ 
formance, the circuit losses are relatively small at high 
output-voltage levels, and the circuit's efficiency is 
quite good. Its efficiency suffers at low output-voltage 
levels, but compares very favorably with the theoreti¬ 
cal data for an LT1083 operating with no preregulator. 
At the higher theoretical dissipation levels, the LT1083 
will shut down, precluding practical operation. 

Meeting applications' high voltage needs 

Fig 8's design features a fully floating output. This 
provision allows you to reference the output away from 
system ground, a technique that's often desirable for 
applications in which you want to limit noise or provide 
biasing. In this converter, galvanically isolated equiva¬ 
lents replace the LT1072's internal error amplifier and 
reference. Power for the replacement parts is boot¬ 
strapped from the output via source-follower Qi and 
its 2.2-Mfi ballast resistor. ICi and the LT1004 (both 



rh IS OUTPUT COMMON 


*1% METAL FILM RESISTOR 
10-Mn RESISTOR IS VICTOREEN MAX-750-22 
DIODES ARE SEMTECH-FM-50s 
TRANSFORMER IS PULSE ENGINEERING #PE-6197 


Fig 8—With a fully floating output, this converter configuration allows you to reference the output away from system ground, a technique 
that's often desirable for applications in which you want to limit noise or provide biasing. 
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Squeezing the utmost efficiency out of a con¬ 
verter requires some finesse, some witchcraft, 
and some luck. 


are micropower components) minimize dissipation in 
the Qi/ballast-resistor combination. 

Ql's gate bias, tapped from the output divider string, 
produces about 15V at its source. ICi compares the 
scaled divider output with the LT1004 reference. The 
error signal (ICi's output) drives the optocoupler, 
which operates at low levels, saving power. The opto- 
coupler^s output pulls down on the Vq pin to close the 
loop. Frequency compensation at the Vc pin and ICi 
stabilizes the loop. 

Transformer and optocoupler restrictions impose 
limitations on the common-mode breakdown perform¬ 
ance in Fig 8’s converter. Isolation amplifiers, certain 
transducer measurements, and ESD-sensitive applica¬ 
tions require high breakdown capability. In addition, 
very precise floating measurements such as signal con¬ 
ditioning for high-impedance bridges can require ex¬ 
tremely low leakeage to ground. 


You need to take a different design approach to 
achieve high common-mode voltage capability with 
minimal leakage. Some feel that a magnetic approach 
is the only viable way to achieve the isolated transfer 
of appreciable amounts of electrical energy. That idea 
is simply not correct: You can employ ceramics to solve 
the high-energy/low-leakage problem. In fact, the high 
voltage breakdown and low electrical conductance asso¬ 
ciated with ceramics surpasses the isolation character¬ 
istics of magnetic approaches. In addition, the acoustic 
transformer is a simple device. 

You can form the transformer by bonding a pair of 
leads to each end of the ceramic material. In such a 
simple structure, the insulation resistance can exceed 
and primary-secondary capacitances can meas¬ 
ure in the 1- to 2-pF range. The resonant frequency 
is a function of the material and its characteristics. 
You can think of the device as a high-Q resonator 


2k 



Fig 9—A ceramic-based design approach proves to he a viable way to achieve the isolated transfer of appreciable amounts of electrical energy. 
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similar to a quartz crystal. You must design drive cir¬ 
cuitry to excite the device in the positive-feedback path 
of a wideband gain element. 

In this design, unlike a design using a crystal, you 
must configure the drive circuitry so that a substantial 
amount of current passes through the ceramic, and you 
must maximize power in the transformer. In Fig 9, 
the piezoceramic transformer is in the LTlOll 
comparator’s positive feedback loop. Qi serves as an 
active pull-up for the open-collector LTlOll device. 
The 2-kfl/0.002-jxF path biases the LTlOll’s inverting 
input. 

Positive feedback occurs at the transformer’s reso¬ 
nance frequency, and oscillation commences. The trans¬ 
former, like a quartz crystal, has significant harmonic 
and overtone modes. The lOOfl/470-pF damper circuit 
suppresses spurious oscillations and mode hopping. The 
transformer appears as a highly resonant filter to the 
resultant wave that it propagates internally. The trans¬ 
former’s secondary voltage is sinusoidal. 

The transformer also provides some voltage gain. 
The diode and the lO-jxF capacitor convert the secon¬ 
dary voltage to dc. The LT1020 low-quiescent-current 
regulator provides a stabilized lOV output. This con¬ 
verter has an output-current capability of only a few 
milliamps, but you can improve this performance by 
devoting more attention to transformer design. EDN 
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dc/dc converters 
Part 4 


Switched-c^citor 
networks simplify 
dc/dc-converter designs 


This article, part i of a Jf-part series, shows how to use 
switched-capacitor networks to replace inductors in dd 
dc converters. Parts 1 through 3 of the series discussed 
the design of 5 to ±15V converters, the criteria for 
selecting proper instrumentation for converter design, 
and the design of power-conservative converters. 


Jim Williams and Brian Huffman, 

Linear Technology Corp 

The inductor, a key component in a typical dc/dc con¬ 
verter, can negatively affect converter design and op¬ 
eration. The most common problem the inductor causes 
is saturation, a condition that can often result in de¬ 
structive failure of the converter. The inductor also 
adds a number of negative factors to your design con¬ 
siderations—^it's expensive, relatively large, and can 
be scarce, and it also has heat-related problems. Fortu¬ 
nately, you can sometimes replace the inductor without 
affecting your converter's performance. One way is to 
use a switched-capacitor network as an energy-storage 
element. Such a network can significantly simplify the 
dc/dc-converter-design process. 

Back to basics 

To understand the theory of switched-capacitor con¬ 
verter operation, it might help to review how a basic 
switched-capacitor building block (Fig 1) functions. In 
Fig la, Cl charges to Vi when the switch is in the left 


position. The total charge (qi) on Ci equals CiVi. When 
the switch moves to the right position, Ci discharges 
to voltage V 2 . The total charge (q 2 ) on Ci will now 
equal C 1 V 2 . 

Note that the switch action has transferred charge 
from the source (Vi) to the output (V 2 ). The total 
charge is: 

q = Qi “ Q2 = Ci(V 1 - V 2 ). 

If you cycle the switch f times per second, the charge 
transfer per unit time (current) is: 

l = fq = fCi(Vi-V 2 ). 

If you rewrite this equation in terms of voltage and 
equivalent impedance, you wind up with an equivalent 
resistance for the switched-capacitor network: 

j ^ Vi-V2 ^ Vi - V2 ^ 

1 Requiv 

fCi 

The new variable Requiv is equal to 1/fCi. 

Switched-capacitor converters such as the LT1054 
have the same switching action as the basic switched- 
capacitor building block. Although the preceding sim¬ 
plified analysis doesn't consider parameters such as 
finite switch on-resistance and output-voltage ripple, 
it does provide an intuitive feel for how the device 
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Converters such us the LTl 054 have the 
same switching action as does the basic 
switched-capacitor building block. 


works. For example, the analysis explains voltage loss 
as a function of frequency. As frequency decreases, 
the 1/fCi term will eventually dominate the output- 
impedance figure, and voltage losses will rise. 

Note that losses also rise as frequency increases, 
because of internal switching losses resulting from the 
loss of some finite charge on each switching cycle. 
When multiplied by the switching frequency, this 
charge loss per unit cycle becomes a current loss. This 
loss is particularly significant at high frequencies. 

The oscillators in practical converters are designed 
to run in a frequency band that will minimize these 
losses. Fig Ic is the block diagram of the LT1054. The 
LT1054 is a monolithic, bipolar, switched-capacitor 
voltage converter and regulator. Its adaptive drive 
scheme optimizes its efficiency over a wide range of 
output currents. Its total voltage loss at a 100-mA 
output current is typically I.IV. This loss figure holds 
true over the full supply-voltage range of 3.5 to 15V. 
The part’s quiescent-current drain is typically 2.5 mA. 

When you combine it with an external resistive di¬ 


vider, the LT1054 provides a regulated output, which 
will withstand changes in input voltage and output 
current. The LT1054 can operate in a standby mode— 
at a quiescent current of only 100 |xA—when you 
ground the feedback pin. The internal oscillator runs 
at a nominal frequency of 25 kHz, You can use the 
oscillator pin to externally adjust the oscillator fre¬ 
quency or to synchronize the LT1054’s operation. 

Getting rid of inductors 

Most converters employ inductors simply because 
inductors can store energy. This stored magnetic en¬ 
ergy, released and expressed in electrical terms, is the 
basis of dc/dc-converter operation. Inductors are not 
the only components that can store and efficiently re¬ 
lease energy, however. Capacitors can store energy; 
thus, they can serve as the basic transfer element in 
dc/dc-conversion processes. 

Fig 2a illustrates the inherent simplicity of a 
switched-capacitor-based dc/dc converter. The LT1054 
provides clocked drive to charge Cj. A second clock 


Vref 


Vi 



(a) 


(b) 



^ 1 

DRIVE 





GND 

Gout* 


-VouT 


Fig 1—When the switch is in the left position, the total charge on Ci in a basic switched-capacitor building block (a) equals CjVi. When 
the switch moves to the right position, discharges to voltage V 2 and total charge onCi now equals Switched-capacitor converters 

like the LTlOSJf. (b) have the same switching action as the bcwic switched-capacitor building block. 
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phase discharges Ci into C 2 . The internal switching 
scheme is designed to flip Ci during the discharge 
interval and produce a negative output at C 2 . Continu¬ 
ous clocking allows C 2 to charge to the same absolute 
level as that of Ci. Junction losses and other losses 
preclude ideal results, but the circuit's performance is 
quite good. Fig 2b shows how well the circuit converts 
ViN to -VoUT* 

By adding some external steering diodes, you can 
alter Fig 2's circuit to develop a design that converts 
a negative input to a positive output (Fig 3a). By 
modifying the circuit somewhat, you can develop a 
converter (Fig 3b) that transforms a 6V input into 
± 5V outputs. Fig 3b's circuit is extremely flexible. If 
you provide some diode steering, the circuit will pro¬ 
vide some voltage boost and develop an output of ap¬ 
proximately 2 X ViN- 

Satisfying high power needs 

By employing some discrete devices, the switched- 
capacitor converter in Fig 4 can provide a 5W output 
(5V at lA). The LTC1043 switched-capacitor building 
block provides nonoverlapping complementary drive 
to the four MOSFETs. The MOSFETs are arranged 
so that Cl and C 2 are alternately in a series and a 
parallel configuration. 

During the series phase, the 12V supply current 



V,N 
2 nF 


-VquT 

100 Ilf 


U) 

Q 


i 


O 

> 



30 40 


60 70 80 90 100 


(b) 


OUTPUT CURRENT (mA) 


Fig 2—Circuit simplicity is an inherent feature of a switched- 
capacitor based dcldc converter (a). Despite its simplicity, this circuit 
does a good job of converting to - Vqut (b). 



Fig 3 — By adding some steering diodes to Fig 2*s circuity you can convert a negative input into a positive output (a). By modifying the 
circuit somewhat (b), you can develop a converter that transforms a 6V input into ±5V outputs. 
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Capacitors can store energy; thus, they can 
serve as the basic transfer element in dc/dc- 
conversion processes. 


flows through both capacitors and charges them to 
furnish load current. During the parallel phase, both 
capacitors work to provide half the load current. Fig 
4b illustrates the LTC1043-supplied drive inputs to 
Q 3 and Q 4 (traces A and B, respectively). Qi and Q 2 
receive similar drive inputs from pins 11 and 3 of the 
LTC0143. The diode-resistor networks ensure that the 
series-parallel phase switches see no simultaneous 
drive pulses. 

If the circuit didn't include ICi, its output would 
equal Vin/ 2, but ICi and its associated components 


reduce the converter's output to 5V. When the circuit 
is in the series phase, the output has a rapid transition 
in the positive direction (trace C). When the output 
exceeds 5V, ICi trips and forces the LTC1043's oscilla¬ 
tor pin high (trace D). This transition truncates the 
LTC1043's triangle-wave oscillator cycle. 

The truncation forces the circuit into the parallel 
phase, and the output slowly diminishes until the be¬ 
ginning of the LTCi043's next clock cycle. ICi's output 
diode ensures that any sharp transitions from the 180- 
pF capacitor will have no effect on the triangular down- 



NOTES: 

1. ALL DIODES ARE 1N4148s 

2. Qi, Q2, AND Q3 ARE IRF9531 P-CHANNEL TRANSISTORS 

3. Q4 IS AN IRF533 N-CHANNEL TRANSISTOR 



Vout = 5V, 1A 


^ 470 iiF 


38k 

I- 


12k 


1 



TRACE 

VERTICAL 

HORIZONTAL 

A 

20V/DIV 

20 ^SEC/DIV 

B 

20V/DIV 1 

20 AtSEC/DIV 

C 

0.1V/DIV 

20 ^SEC/DIV 

D 

10V/DIV 

20 AtSEC/DIV 


^ig 4—You can develop a high-power converter by adding some discrete devices to the basic switched-capacitor circuitry (a). The 
diode-resistor networks ensure that the series-parallel phase switches (Qi and Q 2 ) see no simultaneous drive pulses (b). 
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slope waveform. The feedback loop regulates the out¬ 
put by controlling the turn-off point of the series phase. 
The circuit's power MOSFETs easily handle any high 
transient currents, and the circuit's efficiency measures 
83%. EDM 


References 

1. Chryssis, G, High Frequency Switching Power Suppliesy 
Theory and Design, McGraw Hill, New York, NY, 1984, 
ISBN 0-07-010949-4. 

2. Nelson, C, LT1070 Design Manual, Linear Technology 
Corp, Application Note 19. 

3. Pressman, A I, Switching and Linear Power Supply, 
Power Converter Design, Hayden Book Co, Hasbrouck 
Heights, NJ, 1977, ISBN 0-8104-5847-0. 

4. Sheehan, D, ^‘Determine noise of dc/dc converters,” 
Electronic Design, September 27, 1973. 

5. Williams, J, ‘^Conversion techniques adapt voltages to 
your needs,” EDN, November 10, 1982, pg 155. 

6. Williams, J, “Design dc/dc converters to catch noise at 
the source,” Electronic Design, October 15, 1981, pg 229. 

7. Williams, J, Switching Regulators for Poets, Linear 
Technology Corp, Application Note 25. 

8. Williams, J, Power Conditioning Techniques for Batter¬ 
ies, Linear Technology Corp, Application Note 8. 


Authors’ biographies 

Jim Williams, staff scientist at Linear 
Technology Corp (Milpitas, CA), spe¬ 
cializes in analog-circuit and instru¬ 
mentation design. He has served in 
similar capacities at National Semicon¬ 
ductor, AHhur D Little, and the Instru¬ 
mentation Development Lab at the Mas¬ 
sachusetts Institute of Technology. A 
former student of psychology at Wayne 
State University, Jim enjoys tennis, 
art, and collecting antique scientific 
instruments. 

Brian Huffman is an applications engi¬ 
neer at Linear Technology Corp. A 
member of the IEEE, he holds a BSET 
degree from Indiana State University 
and an MSEE from Santa Clara Uni¬ 
versity. In his spare time, Brian enjoys 
plays, concerts, and the beach, and he 
likes to travel. 


Article Interest Quotient (Circle One) 
High 494 Medium 495 Low 496 



EDN November 24, 1988 


175 






Design Feature 


Design linear circuits 

that serve 

digital system needs 


Digital circuits require a slew of analog 
support circuits to provide life support in the 
real world. Many of these functions are 
related to memory support and ranpfe from 
power-sense circuits to voltage supplies 
for programming onboard, nonvolatile 
memories. 


Jim Williams, Linear Technology Corp 

The pristine, regimented symmetry of digital circuit 
boards is occasionally interrupted by irregular huddles 
of linear components. Designers tolerate these aber- 
rants because they perform a variety of ancillary tasks 
necessary to keep the digital system running. Most 
analog designers wouldn't relish lifetime employment 
working on digital circuit boards, but the need for 
certain kinds of analog circuits exists. Memory- and 
power-control circuits are two examples of linear cir¬ 
cuits needed in digital systems. 

The recently introduced flash memories offer a good 
example of linear circuits supporting a predominantly 
digital function. Flash memory, unlike conventional 
EPROM, lets you erase and reprogram a memory chip 
electrically. A full-chip erasure takes one second with 
100 -|xsec byte-program times and two seconds for full- 


chip programming. (See box, “A primer on flash mem¬ 
ory," for a more complete description of flash memory.) 

Flash-memory devices require carefully controlled, 
high-voltage programming power. A typical unit, the 
Intel 28F010 IM-bit flash memory, specifies Vpp pulses 
of 12 or 12.75 ±0.2V, depending on the part type. (PP 
stands for program power.) Vpp excursions beyond 14V 
for 20 nsec or longer will destroy the device. To reliably 
generate such pulses in a 5V-powered digital system, 
you must deal with several analog issues. You must 
derive or supply a high-voltage source and then control 
its output and the pulses generated from it within the 
tight tolerances required by the memory device. In 
addition, you may want to control the high-voltage 
pulses with a 5V logic command. 

Memories require precise programming pulses 

A simple way to provide the necessary programming 
power would be to use an existing high-voltage power- 
supply line or a switching-regulator output voltage set 
at the desired Vpp level. You could then use a simple, 
low-resistance FET or bipolar switch to generate the 
Vpp pulses. In theory, this approach will work. In prac¬ 
tice, however, transmission-line effects in printed- 
circuit trace runs may cause memory-destroying over¬ 
shoots. The box, “Preventing memory destruction," 
details this phenomenon. 

In general, you need more sophisticated design tech¬ 
niques to stay within the Vpp-pulse tolerance limits. 
The circuit shown in Fig la meets almost all flash- 
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Whichever design world you find yourself 
in—unulqg or di£(itcil—you should be 
aware of the linear-circuit needs of different 
types of digital circuitry. 


memory Vpp requirements. When the Vpp command 
pulse goes low (Fig lb, trace a), the LT1072 switching 
regulator drives Lj, thus producing high voltage at the 
output. Resistors Ri and Rg provide the necessary dc 
feedback; the ac rise and fall times are controlled by 
the 2-pole compensation of the LT1072. This compensa¬ 
tion is set by the values chosen for Ci, C 2 , and R 3 ; 
these values have been selected for optimal compensa¬ 
tion with respect to this application. The circuit's re¬ 
sponse should have no overshoot under any conditions 
including short-circuit recovery (see Ref 1 for more 
information on LT1070/LT1072 compensation). 

The final output of the circuit is a smoothly rising 


Vpp pulse (Fig lb, trace b) that settles to either 12 or 
12.75V, depending on the values you choose for Rj and 
R 2 . The 5.6V Zener diode permits the output to return 
to zero volts when the Vpp command pulse goes high; 
you may delete the diode in cases where a 4.5V mini¬ 
mum output is acceptable or desirable. You can elimi¬ 
nate circuit-trimming requirements by using precision 
resistors for Ri and R 2 . Alternatively, you can use 
1 % resistors and a trimmer for Rj and R 2 . 

You can easily modify the circuit of Fig la to elimi¬ 
nate the 1N5919 Zener diode and its attendant power 
dissipation by inserting a pnp transistor in its place 
as shown in Fig 2a. To further modify the circuit for 


A primer on flash memory 


Saul Zales, Intel Corp 

Flash memories reduce firmware- 
update costs for EPROM-based 
products. Such products often 
need software revisions, and 
EPROMs are costly to update. 
You often have to dismantle your 
equipment, either to UV erase 
and then reprogram the 
EPROMs or to replace them with 
new ones. This operation takes a 
technician at least 15 minutes. 
Double that time if you wait for 
UV erasure. In contrast, flash 
memories allow in-system repro¬ 
gramming in seconds and are not 
discarded as EPROMs often are. 
In the factory, flash EPROMs let 
you execute multiple tests during 
a single board-testing step. 

To distinguish between 
EEPROMs and flash EPROMs 
consider that EEPROMs suit pa¬ 
rameter storage, as opposed to 
code storage. Parameters need to 
be rewritten individually in real 
time—that is, while the system 
is on-line and in normal opera¬ 
tion. Parameters also require less 
memory storage space than code 
does. 


In contrast, flash EPROMs 
better match embedded-code 
needs. Even if you only change 
one line of code, an entirely new 
microcomputer program results. 
You must update the software as 
a complete copy to ensure error- 
free updating. Flash memories 
accomplish this process with full- 
chip erase characteristics in a few 
seconds of off-line system time. 

One flash-EPROM reprogram¬ 
ming method is In-System-Write 
(ISW). ISW eliminates external 
programming equipment alto¬ 


gether; it uses an existing data- 
communication channel, such as 
a modem. ISW utilizes the em¬ 
bedded, local CPU for the flash- 
memory device's reprogramming 
“intelligence," thus taking advan¬ 
tage of the off-line nature of up¬ 
dates. The only new requirement 
for ISW is a local programming 
power supply (Vpp) of either 12 
or 12.75V, depending on device 
specifications. 

The author is an applications en¬ 
gineer at Intel Corp (Santa 
Clara, CA). 



Fig A—An ideal flash EEPROM Vpp pulse has a smooth rise time imth no overshoot 
(a). If your pulse-generator design doesn^t include circuitry for rise-time control, the 
pulse can ring at destructive voltages (b) simply due to transmission along a pc trace. 

















5V 




VERTICAL SCALE = 5V/DIV 
HORIZONTAL SCALE = 20 mSEC/DIV 


(b) 


(a) 


Fig 1 — High-voltage pulses with smooth rise characteristics are the basic flash-memory programming requirements that this circuit (a) 
fulfills. Due to the compensation of the LT1072 sivitching regulator, the command pulse (b, trace A) produces a pulse with a clean rise-time 
characteristic (b, trace B). 


high power outputs, see the table in Fig 2b. 

A key feature of the circuit in Fig la and many 
circuits similar to it is that they will not spuriously 
overshoot during power-up or power-down, thereby 
preventing memory destruction. This feature is due 
to the compensation of the LT1070, which causes a 
highly overdamped pulse response, and to the fact that 
the control components of these circuits function even 
at low supply voltages. In other words, the control 
circuits will be active long before the memory circuits 


settle and will prevent uncontrolled Vpp outputs. 

The repetition rate of the circuit in Fig 1 is limited 
because the regulator must fully rise and settle for 
each Vpp command. Depending on how often your mem¬ 
ory devices require updating, this limited repetition 
rate may or may not present a problem. Most require¬ 
ments are for low repetition rates (from one hertz to 
the kilohertz range), but there are cases where the 
pulser is required to serve many memories. The circuit 
in Fig 3 serves those cases that require higher- 


POWER OPTIONS FOR BASIC Vpp PULSE GENERATOR 


OUTPUT 

MJE370 CURRENT 

CouT 

REGULATOR 

INDUCTOR 

ZENER 

TO MUR120 CATHODE \ 

T06V -vW- 

680 

^ TO OUTPUT CAPACITOR 

200 ixF 

LT1071 

PE-52645 

1N5339A 

OR 

SYNCHRONOUS 
SWITCH OPTION 

800 mA 

400 ix.f 

LT1070 

PE-51516 

1N5339 

OR 

SYNCHRONOUS 
SWITCH OPTION 


(a) (b) NOTE: ASSUME EACH 28F010 DEVICE REQUIRES 30 mA of VW F CURRENT 


Fig 2—You can replace the Zener diode of Fig 1 with a pnp transistor (a). You can also modify Fig 1 for higher power outputs (b). 


















































Power control and memory management 
are just two areas where some analog design 
tricks will come in handy on a digital circuit 
board. 


repetition-rate Vpp pulses. In this design, the switching 
regulator runs continuously. You provide a Vpp com¬ 
mand pulse to drive an op-amp (ICi) and buffer- 
amplifier (IC 2 ) loop, which generates the required 
pulses. 


The waveforms in Fig 3b demonstrate the circuit's 
operation. You can drive the Vpp lock line to a logic 
high, which will shut down the regulator, thus prevent¬ 
ing any possiblility of inadvertent Vpp outputs. After 
the Vpp lock goes low (trace A), the LT1072 loop comes 
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Fig 3—To fulfiU higher-repetition-rate voltage-programming requirements, you can run a switching regulator continuously and generate 
the Vpp pulses by using an op amp and a buffer amplifier (a). High-voltage pulses, whose level is dependent on the value you choose for 
Ri and Rg, result from the application of the Vpp command pulse (h, trace D); these pulses exhibit clean rise times (c, trace B). 
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Fig 4—By replacing the buffer-amplifier 
stage of Fig 3 vrith a discrete-output stage, 
you can supply up to 800 mA of output 
current. 
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on (trace B), stabilizing at about 17V. Pulsing the Vpp 
command line then causes the 74C04's output (trace 
C) to bias the LT1004 reference. The LT1004 clamps 
at 1.23V, and the gain loop containing ICi and IC 2 
produces a pulsed output voltage dependent on the 
values you choose for Ri and R 2 (trace D). The 680-pF 
feedback capacitor, Ci, controls loop slewing, thereby 
eliminating overshoots. Fig 3c details the Vpp output. 
Trace A is the 74C04 output; trace B displays the clean 
Vpp-pulse characteristics. 

As in Fig 1, the 2-pole compensation of the LT1072 
in Fig 3a ensures a clean rise time, and spurious Vpp 
outputs are suppressed during power-up and power¬ 
down. The LTlOlO buffer amplifier provides short- 
circuit protection and 150 mA of drive current, which 
is enough for five 28F010s. The diode path around the 
LTlOlO prevents destructive overshoot when the cir¬ 
cuit is recovering from output shorts. The diode at 
IC/s input clips excessive negative voltages arising 
from Ci^s differentiated response. 

To drive more memory devices—supply more output 


current—you can modify the circuit in Fig 3a by replac¬ 
ing the LTlOlO buffer amplifier with a discrete power 
stage, as shown in Fig 4. Q 3 furnishes up to 800 mA 
of output current, enough to drive 26 28F010 memo¬ 
ries; Q 2 functions to limit the current to a maximum 
of approximately 1.2 A. The values of the feedback com¬ 
ponents used in Fig 3a have been scaled by a factor 
of 10 ; Ri and R 2 were increased and Ci was decreased 
to maintain the same level of compensation. These 
changes prevent Q 2 ^s collector current from causing 
excessive heating in the grounded resistor, R 2 . This 
heating could occur during prolonged short-circuit con¬ 
ditions. The ac dynamics of the circuit in Fig 4, includ¬ 
ing a glitchless short-circuit recovery, are identical to 
those of the circuit in Fig 3a. 

You should note that for both Fig 3a and Fig 4 the 
LT1070 or LT1072 is running continuously to provide 
a fixed high voltage. If a suitable high voltage is al¬ 
ready available in your system, you can power ICi and 
IC 2 directly from that high-voltage line and delete the 
regulators from the circuit. 
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A diode path around the final Vpp output 
sta^e prevents destructive overshoot when the 
circuit is recovering from output shorts. 


These Vpp-generating circuits require waiting a small 
length of time for the regulator to settle before pro¬ 
ceeding with a Vpp operation. Note the lag between 
the Vpp command pulse and the rise of the output pulse 
in Fig 1. In almost all circumstances, this delay is 
acceptable, but some situations may require verifica¬ 
tion that the Vpp is within a certain tolerance before 


the pulsing begins. 

When used in conjunction with either Vpp pulser, 
the circuit in Fig 5 gives a handshake output when the 
Vpp has settled. This simple circuit works by comparing 
the Vpp output against the known LT1004 reference 
voltage. The resistor values given allow for possible 
variations in Vpp voltage due to component tolerance 


Preventing memory destruction 


The 12 or 12.75V Vpp pulses used 
with flash memories seem uncom¬ 
fortably close to the devices’ 14V 
breakdown limit. In actuality, the 
overvoltage precautions required 
are similar to those for 5V rails. 
Excursions beyond 14V for dura¬ 
tions longer than 20 nsec exceed 
the chip’s absolute maximum rat¬ 
ing. Thus, the design of Vpp- 
pulse-generating circuitry re¬ 
quires care to avoid seemingly 
mysterious memory failures. Al¬ 
though the 28F010 flash memory 
is used here as an example, the 
considerations are applicable to 
other devices. 

In theory, a simple low-loss 
transistor switching a low-imped¬ 
ance power supply will generate 
the required pulses. In practice, 
this is a hazardous approach. Fig 
Aa shows an ideal Vpp pulse pro¬ 
duced by simple transistor 
switching. The pulse settles to 
the desired Vpp level quickly with 
no overshoots or aberrations. Fig 
Ab shows the same pulse meas¬ 
ured at the memory pins after a 
printed-circuit trace run. The pc 
trace looks like an unterminated 
transmission line with ill-defined 
characteristics. Reflections oc¬ 
cur, which cause ringing exceed¬ 
ing 20V. This ringing is well be¬ 
yond specified destructive levels 
and almost guarantees chip fail¬ 
ures. Similar overshooting on the 


falling edge can cause equally de¬ 
structive negative voltages to ap¬ 
pear at the memory pins. 

These effects demonstrate the 
necessity for rise-time control. 
The controlled edge times of the 
closed-loop circuits in the text 
eliminate this problem. Other fea¬ 
tures of these circuits make them 
attractive. Short-circuit protec¬ 
tion is obviously desirable to pro¬ 
tect the Vpp-pulse generator. 
More subtly, it also protects the 
memory. In an unprotected Vpp 
pulser, the pass switch may fail 
in a shorted condition. This fail¬ 
ure will expose the memory to 
destructive overvoltage. You 
should design short-circuit-pro¬ 
tection circuitry so that it does 
not cause overshoots when oper¬ 
ating or recovering from over¬ 
load. 


For example, removing IC 2 s 
shunt diode from the circuit 
shown in Fig 3 in the text causes 
dangerous overshoots on short- 
circuit recovery. Fig Ba shows 
Vpp output recovery with the di¬ 
ode removed. With the diode in 
place (Fig Bb), the recovery is 
free from overshoot. Similar con¬ 
siderations apply on power-up 
and power-down. The Vpp gen¬ 
erator must not produce spurious 
outputs during power application 
or removal. You can avoid these 
unwanted outputs by employing 
circuit techniques and ICs that 
operate down to low voltage. Cir¬ 
cuits that provide control even 
when the power supply is not yet 
at its specified operating level 
yield predictable and controllable 
outputs during transient supply 
conditions. 



Fig B—Without a shunt diode at the output of a Vpp-pulse generator, dangerous 
memory-destroying overshoots can occur (a). With the diode in plaice, the recovery is 
smooth and controlled (b). 














stack-up. When you use this circuit, you should set the 
output of the Vpp generator circuit to within 0.4% of 
nominal value. You can set the output to a precise 
value by trimming or by using 0.05% resistors in place 
of the 0.1% values specified. 

Although EE PROMs fulfill a different purpose than 
flash memories, their Vpp-pulse requirements have 
similarities. The Intel 2816 specifies a Vpp amplitude 
of 21 ± IV with a maximum allowable voltage of 22.5V. 
A special EEPROM stipulation is that the Vpp-pulse 
rise time must have an RC time constant very close 
to 600 |xsec. The circuit in Fig 6 meets these require¬ 
ments. As in the circuit in Fig 3, an LT1072 switching 
regulator generates the high supply voltage; an op 
amp (ICi) and a buffer amplifier (IC 2 ) generate the 
actual Vpp pulse. While the EraseAVrite lock line is low 
(Fig 6b, trace A), the LT1072 is in standby; no high 
voltage is produced, and there is no circuit activity. 
Under these conditions, the Vpp output line is pulled 
toward 5V via the 1N914 diode. (Note the 4.5V dc 



Fig 5— Switching-regulator-based circuits require that you wait 
a certain length of time for the regulator output to settle before you 
begin a Vpp operation. This simple comparator circuit provides a 
handshake output when either of these two Vpp levels has reached 
its final value. 



Fig $ —EEPROM high-voltage programming requirements are similar to those of flash memory. EEPROM s require 2lV amplitude 
pulses with RC time constants of 600 \j.sec. A simple modification of Fig Ts input (a) provides rise-time control via Ri and Cu By choosing 
Ri and Ci so that their product equals 600 \j.sec, the output-pulse conditions are met (b, trace E). _ 






























Fig 7—Dropout detection enables you to is¬ 
sue memory-store commands before power 
fails. This ac detector uses an optoisolator 
connected across the secondary of a trans¬ 
former to continually reset Cj (b, trace B). 
When power fails j Ci charges up and triggers 
the comparator (b, trace C). 



HORIZONTAL SCALE = 10mSEC/DIV 


TRACE 

VERTICAL 

A 

10V/DIV 
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2V/DIV 
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5V/DIV 


level on traces D and E of Fig 6 b.) 

When the EraseAVrite lock line goes high (trace A), 
the regulator output (trace C) builds smoothly and 
regulates at 25V. The 2-pole ET1072 compensation al¬ 
lows the regulator output to rise relatively quickly. 
When the Vpp command line is pulsed high (trace B), 
the LT1004 reference clamps at 1.23V, and the RC 
network made up of R 3 and Ci delivers a 600-|JLsec 
edge to IC/s positive input. The feedback-resistor val¬ 


ues chosen produce 21V at the Vpp output (trace D). 
The 21V amplitude is ensured by the LT1004 reference 
and closed-loop operation. Trace E is a time- and ampli¬ 
tude-expanded version of this pulse. 

When the Vpp command goes low, the Vpp output 
returns cleanly to 4.5V. The shunt diode at IC/s nonin¬ 
verting input speeds the recovery of the 0.005-|xF ca¬ 
pacitor. IC 2 provides 150 mA of output current, enough 
to drive 10 2816 EEPROMs. As in Fig 3, a shunt diode 
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Fig 8 — By making use of two 5V dc regulators (a), you can alert the memory section to store data (b, trace C) before the memory power 
fails (trace D). 
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Fig 9—The flexible power-on-reset circuit 

shown in a lets you modify the delay between 
the power onset and the pulse-onset trigger 
rb, trace C). The circuit also lets you modify 
the reset pulse-width by changing Ri and Ci 
(by trace D). 


around the LTlOlO prevents overshoot when the cir¬ 
cuit is recovering from output shorts. When the Erase/ 
Write lock line returns \oWy the regulator's output de¬ 
cays toward zero. As with the other Vpp circuits, this 
design does not produce undesired outputs during 
power-up or power-down. 

Digital systems driven from the ac power line often 
require dropout detection. You’ll want to implement 
fast ac line dropout detection in order to issue a mem¬ 
ory-store command before the dc power falls. The cir¬ 
cuit in Fig 7 detects ac dropout by connecting an optoi- 
solator across the power transformer’s rectified secon¬ 
dary. Under normal power conditions, the ac line (Fig 
7b, trace A) turns on the LED every 8 msec, or V 2 
cycle of the line. This repetitive action causes the out¬ 
put transistor to continually discharge the 0.01-p.F ca¬ 
pacitor (trace B). However, when the ac line drops 
out, the capacitor charges via the 33-kfi resistor. ICia 
compares the resultant ramp voltage to a 5V supply- 
derived reference. In this case, the 2-kn and 3-kn 
resistors bias ICia to go low (trace C) within one cycle 
of ac line dropout. 

In many cases, you won’t have access to the ac power 
line. Such cases include PC add-on memory applications 


and battery-powered systems in which there simply 
isn’t any ac power available. WTien ac line dropout 
detection isn’t feasible, you’ll have to implemement a 
dc-sensing circuit, such as the one shown in Fig 8a. 
This circuit uses the different dropout voltages of two 
regulators. Under normal operating conditions, the 
LT1086 supplies 5V power to the main system, and 
the LT1020 drives the memory section. 

When the input power falls (Fig 8b, trace A), the 
LT1086 drops out first (trace B). This voltage change 
is detected by the LT1020’s onboard auxiliary compara¬ 
tor, which then goes low (trace C). This action alerts 
the memory section to store data. The LT1020 regula¬ 
tor output (trace D) maintains memory power for an 
additional amount of time due to its low-dropout char¬ 
acteristics. The LT1020’s output begins to fall approxi¬ 
mately 50 msec after the memory-store command. You 
can include the optional battery and diode as shown 
in Fig 8a to extend the holdup time. 

In addition to these power-fail circuits, digital sys¬ 
tems often require power-up circuitry, such as power- 
on-reset. When supply power is applied to the circuit 
in Fig 9a, the 5V rail comes up (Fig 9b, trace A). The 
LT1004 clamps at 1.2V, and ICia’s positive input (trace 
































B) ramps at a time constant determined by the 0.5% 
resistors and the 0.1-p-F capacitor. When ICia’s posi¬ 
tive input ramps beyond the LT1004 potential, its out¬ 
put goes high, which delivers a differentiated pulse to 
ICib’s negative input (trace' C). ICib’s output (trace 
D) then goes low for a period determined by the differ¬ 
entiator made up of Ri and Ci. This pulse is used for 
system reset. 

The 1N914 quickly resets the 0.1-|xF delay capacitor, 
and the Schottky diode clips differentiator-caused 
negative voltages at ICib’s input. The ratio of the 0.5% 
resistors determines the tum-on threshold, in this case 
4.8V. The output-pulse delay time—^the time at the 
onset of the pulse in relation to the 5V rail—^is con¬ 
trolled by the 0.1-p-F capacitor; you can vary the delay 
time by changing the v^ue of the capacitor. Similarly, 
the RC combination at ICib sets the output pulse width 
and may be similarly varied. As previously discussed, 
the LTlOlS’s 1.2V minimum supply voltage prevents 
spurious output during supply power-up. EDN 


References 

1. Williams, Jim, “Regulator IC speeds design of switching 
power supplies,” EDN, November 12, 1987, pg 193. 


Author’s biography 

Jim Williams, staff scientist at Linear 
Technology Corp (Milpitas, CA), spe¬ 
cializes in analog-circuit and instru¬ 
mentation design. He has served in 
similar capacities at National Semicon¬ 
ductor, Arthur D Little, and the Instru¬ 
mentation Development Lab at the Mas¬ 
sachusetts Institute of Technology. A 
former student of psychology at Wayne 
State University, Jim enjoys tennis, 
art, and collecting antique scientific in¬ 
struments. 



Design Feature 


Astute designs 
improve efficiencies 
of linear regulators 


Linear volta£ie regulators outperform 
switching-type devices in many applications, 
but they have one major drawback—poor 
efficiency. By employing careful design tech¬ 
niques and using new regulator components, 
you can greatly improve efficiencies. 


Jim Williams, Linear Technology Corp 

Although switching-type voltage regulators are gain¬ 
ing in popularity, linear voltage regulators are still 
popular devices. Linear regulators are easy to imple¬ 
ment and have much better noise and drift characteris¬ 
tics than switchers. In addition, they function with 
standard magnetics, are easy to compensate, don't ra¬ 
diate RF, and have fast response times. However, lin¬ 
ear regulators are saddled with one major drawback— 
poor efficiency. As a result, they're associated with 
high operating temperatures and large heat-sink re¬ 
quirements. Linear regulators cannot compete with 
switching regulators in these performance characteris¬ 
tics, but by using certain design techniques and new 
linear-regulator devices, you can achieve significantly 
better results than you might think is possible. 

A basic way to improve the efficiency of linear regu¬ 
lators is to minimize the input-to-output voltage across 
the regulator. The smaller this term is, the lower the 


power loss. Manufacturers refer to the minimum input- 
output voltage necessary to support regulation as the 
dropout voltage. Different regulator design techniques 
and technologies offer different regulator performance 
(see box, ''Achieving a low dropout voltage"). Conven¬ 
tional 3-terminal linear regulators typically have a 3V 
dropout, but newer devices feature a 1.5V dropout at 
7.5A and a 0.05V dropout at 100 |jiA. You can use these 
new regulators to achieve relatively high efficiencies. 
However, the overall regulator performance depends 
greatly on the quality and amplitude of the input signal. 

Stable inputs ease problems 

Lower dropout voltage leads to significant power 
savings when the input voltage is relatively constant— 
that is, when a linear regulator postregulates a switch¬ 
ing-power-supply output (Fig 1). Here, feedback to 
the switching regulator stabilizes the main output, A. 
Output A usually supplies most of the power available 
from Fig I’s circuit. Therefore, the power demands 
at the B and C outputs have relatively little effect on 
the amount of energy in the transformer. 

Because of this action, the input voltages to the B 
and C regulators are relatively constant. Judicious de¬ 
sign enables the regulators to run at or near their 
dropout voltage, regardless of the loading or switcher 
input voltage. Low-dropout regulators thus save con¬ 
siderable power. 

Unfortunately, not all applications boast a stable in¬ 
put voltage. Fig 2 illustrates a classic situation in which 
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Tou can improve the efficiency of a linear 
regulator by minimizinpf the input-to-out- 
put voltage across the device. 


the ac line drives the linear regulator through a step- 
down transformer. A 90 to 140V ac swing (brownout 
to high-line range) causes a proportionate change at 
the regulator input. The efficiencies of standard regula¬ 
tors versus low-dropout devices can vary considerably 
under such circumstances. 

A low-dropout regulator has much higher efficiency 
on its 5V main output, where dropout figures can be 
a significant percentage of the output voltage. An effi¬ 
ciency comparison at a 15V output still favors the low- 
dropout regulator, although the gain in efficiency is 
not as great as that of a standard regulator. A look 
at power dissipation under the same output conditions 
shows that a low-dropout regulator requires less heat¬ 
sink area than a normal regulator to maintain the same 
die temperature. Input voltage variations have a dele¬ 
terious effect on the efficiencies of both regulators, 
but a low-dropout regulator clearly cuts power losses. 

Fig 3 shows a way to minimize regulator input vari¬ 
ations even though the ac line has a wide voltage 
swing. This preregulator circuit combined with a low- 
dropout regulator provides high efficiency but still re¬ 
tains the desirable characteristics of a linear regulator. 

This circuit servo controls the firing point of the 
SCRs to stabilize the LT1086 input voltage. ICi com¬ 
pares a portion of the LT1086^s input voltage to the 
LT1004 reference. The amplified difference voltage at 
IC/s output drives the inverting input of IC 2 b* The 
circuit then compares IC 2 b^s output to a line-synchro¬ 
nous ramp derived by IC 2 A fi'om the rectified secondary 



Fig 1—You can realize significant power savings in applications 
in which the input voltage is relatively constant In this circuit, a 
linear regulator postregulates a switching-power-supply output. 


of the main transformer, T^. 

The pulse output from IC 2 B fii’es the appropriate 
SCR to develop a current flow from the transformer 
through Li. This current flow charges the 4700-p.F 
capacitor. When the transformer output drops low 
enough, the SCR commutates and charging stops. On 


90 TO 
140V 
AC 




v,n-varies with 

LINE VOLTAGE 


LINEAR 

VOLTAGE 

REGULATOR 


O ^OUT 


Fig 2—Achieving high efficiencies is difficult when the input to the linear regulator varies in proportion to any line-voltage changes. 
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Fig 3—There are ways to eliminate regulator input variations, even those with wide ac-line variations. This circuit provides high efficiency 
and retains all the desirable characteristics of linear regulators. 



Fig 4—Designed for low losses at high currents, this circuit is useful in applications involving dc inputs. The LT1083 functions normally; 
the remaining components form a switched-mode dissipation regulatcxr. 
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Wide voltage variations on the ac-line input 
have a deleterious effect on regulator effi¬ 
ciency. 


the next half-cycle, the process repeats with the alter¬ 
nate SCR doing the work. The loop phase modulates 
the SCR^s firing point to maintain a constant LT1086 
input voltage. 

The 1-jjlF capacitor around ICi compensates the loop, 
and the lO-kfl resistor at IC/s output ensures circuit 
startup. The 3-terminal regulator's current limit pro¬ 
tects the circuit from overloads. This circuit has a dra¬ 
matic impact on LT1086 efficiency versus ac-line swing. 
An important note here. The transformer in a preregu¬ 
lator can significantly influence the circuit's overall effi¬ 
ciency. One way to evaluate power consumption is to 
measure the actual power taken from the ac line. 

Fig 4’s circuit is useful when an application involves 


dc inputs—a regulated or unregulated power supply 
or a battery. This circuit features low losses at high 
current levels. The LT1083 functions in a conventional 
fashion, supplying a regulated output at 7.5A max. 
The remaining components form a switched-mode dissi¬ 
pation regulator, which maintains the LT1083 input 
level just above the dropout voltage under all condi¬ 
tions. 

When the LT1083 input decays enough, ICia^s output 
goes high and increases the voltage on Q/s gate. This 
rising voltage turns on Qj, which drives current into 
Lg and the 1000-jjiF capacitor and raises the input volt¬ 
age at the LT1083 regulator. When the regulator input 
rises far enough, ICia^s output goes low, which turns 


Achieving a low dropout voltage 


Linear voltage regulators almost 
always use the design illustrated 
in Fig A for the basic regulating 
loop. The on-impedance limits of 
the pass element in the circuit es¬ 
tablish the dropout voltage. The 
ideal pass element should have 
zero impedance between the in¬ 
put and the output and consume 
no drive energy. 

Different pass elements offer 
different tradeoffs and advan¬ 
tages in establishing low dropout. 
Three are illustrated in Fig B. 
Emitter followers for transistors 
and source followers for 
MOSFETs offer current gain and 
easy loop compensation because 
the voltage gain is less than 
unity. They also transfer the 
drive current to the load. Unfor¬ 
tunately, you have to provide a 
voltage overdrive at the input to 
saturate a follower. Since Vin 
must supply the drive, achieving 
overdrive is not an easy task. 
Practical regulator circuits must 
either generate the overdrive or 
obtain it from another source. 
You can easily generate over¬ 
drive in discrete regulator de¬ 
signs, but it's hard to do so with 


an IC power regulator. 

Without voltage overdrive, the 
saturation loss is set by Vbe for 
bipolar transistors and by the 
channel on-resistance for 
MOSFETs. The on-resistance of 
a MOSFET varies considerably 
without overdrive, but bipolar 
losses are more predictable. Note 
that voltage losses in the drive 
stages add directly to the dropout 
voltage parameter. The follower 
output used in conventional 3-ter¬ 
minal IC regulators combines 
with the drive-stage loss to set 
the dropout at 3V. 

Common-emitter configura¬ 
tions for transistors and common- 
source configurations for 
MOSFETs are another pass-ele¬ 
ment option. With bipolar de¬ 
vices, the common-emitter 
scheme removes the Vbe loss con¬ 
tribution. It's quite easy to satu¬ 
rate a pnp common-emitter 
driver, even in IC form. The 
tradeoff here is that the base cur¬ 
rent never gets to the load—a 
situation that wastes substantial 
power. At higher current levels, 
base drive current losses can ne¬ 
gate a common emitter's satura¬ 


tion advantage. This is a particu¬ 
lar problem in IC regulators, 
where the use of high-beta, high- 
current pnp transistors is not 
practical. At moderate current 
levels, pnp common-emitter drive 
stages are practical for IC-type 
regulators—the LT1020 and 
LT1120 use this approach. 

Common-source, p-channel 
MOSFET configurations don't 
suffer from the drive-loss prob¬ 
lems of bipolars but typically re¬ 
quire lOV of gate-to-channel bias 
to fully saturate. In low-voltage 
applications, you have to gener¬ 
ate negative potentials to satisfy 
the bias needs. P-channel devices 
also have poorer saturation char¬ 
acteristics than equivalent-size n- 
channel devices. The voltage gain 
available in common-emitter and 
common-source configurations 
creates some loop stability con¬ 
cerns, but these concerns are 
easy to handle. 

Compound connections using a 
pnp-driven npn transistor are a 
reasonable pass-element compro¬ 
mise, particularly for IC-regula- 
tor devices with currents greater 
than 250 mA. With a compound 
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off Qi and terminates capacitor charging. The MBR- 
1060 damps L 2 's flyback spike, and the l-Mfl/47-pF 
combination sets loop hysteresis at about 100 mV. 

Qi, an n-channel MOSFET, has a saturation loss of 
only 0.02811 but requires a lOV gate-to-source turn-on 
bias. ICiB is set up as a simple flyback-voltage booster 
to provide about 30V of dc boost for Qg. Q 2 serves as 
a high-voltage pullup for ICia to provide voltage over¬ 
drive to Qi's gate. This overdrive ensures Q/s satura¬ 
tion, even though Qj is configured as a source follower. 

The 1N966 zener diode clamps excessive gate-source 
overdrives. These measures are necessary because 
there are no viable alternatives—low-loss, p-channel 
MOSFET devices aren't available, and bipolar ap¬ 


proaches require excessive drive currents or have poor 
saturation characteristics. 

Satisfy ultralow dropout needs 

In some applications, extremely low dropout is a 
primary design target. The circuit in Fig 5 is substan¬ 
tially more complex than a 3-terminal regulator design, 
but it features a 400-mV dropout level at an output of 
lOA. This circuit uses the same overdriven-source-fol- 
lower technique employed in Fig 4 to significantly 
lower saturation resistance. 

The LT1072 switching regulator, set up as a flyback 
converter, generates Q/s gate-boost voltage. This 30V 
boost voltage drives ICia- ICia compares the circuit 


connection, the tradeoff between 
the pnp VcE saturation term and 
the reduced drive losses com¬ 
pared with a straight pnp is fa¬ 
vorable. Also, the major current 
flow is through a power npn—a 
configuration that's easy to 
achieve in monolithic form. The 
compound connection has voltage 
gain, so you have to pay attention 
to loop fl:*equency compensation. 
LT1083-6 regulators use the com¬ 
pound connection for a pass 
scheme and employ a capacitor at 
the output to provide loop com¬ 
pensation. 


INPUT Q- 


PASS 

ELEMENT 


DRIVE 


OUTPUT 


REGULATING LOOP 




o 

Vref 


Fig A — Dropout-voltage limitations are controlled by the pass elements used in this 
basic regulating loop, which is used in just about all linear regulators. 
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Fig B—These three pass elements offer various tradeoffs and advantages in achieving low dropout-voltage figures. 
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Power-type regulators can also benefit from 
low-dropout design techniques. 


output to the LT1004 reference and servo controls Qi’s 
gate to close the loop. 

The gate-voltage overdrive provides the low-dropout 
characteristic for this regualtor by enabling Qj to attain 
a 0.028fi saturation level. The 1N966 zener diode 
clamps excessive gate-source voltage, and the 0.001-fxF 
capacitor stabilizes the loop. ICib senses current across 
the O.Olfi shunt to provide current limiting by forcing 
ICiA s inverting input to swing negatively. The low- 
resistance shunt limits loss to only 100 mV at lOA 
outputs. Circuit roll-off is smooth and evidences no 
oscillation or undesirable characteristics. 


Fig 6 combines the best features of the previous 
designs to develop a regulator that features high effi¬ 
ciency at high power levels. This circuit combines Fig 
4’s preregulator techniques with the low-dropout de¬ 
sign feature of Fig 5. There are, of course, some modi¬ 
fications. 

For example, there is no boost supply for the linear 
regulator, and the 1N967A has a slightly higher zener 
voltage than the 1N966 in Fig 5. In addition, a single 
1.2V reference serves the needs of both the preregula¬ 
tor and the linear-output regulator. The increase in 
zener-clamp values ensures adequate boost voltage lev- 


Ql VouT 



Fig 5— Extremely low saturation resistance is a key benefit provided by the source-follower techniques employed in this regulator. Although 
ifs somewhat complex, the design features a iOO-mV dropout voltage at 10A output levels. 
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els for low-voltage input conditions. The preregulator’s 
feedback resistors set the linear regulator’s input volt¬ 
age just above its 400-mV dropout level. 

Although Fig 6’s circuit is complex, its performance 
is impressive. The circuit’s efficiency is 86% at a lA 
output level and decreases to 76% at full load. Circuit 
losses are essentially shared by the MOSFETs and the 
MBR1060 catch diode. You can improve efficiency by 
3 to 5% by replacing the catch diode with a synchro¬ 
nously switched FET and trimming the linear regula¬ 
tor’s input to the lowest possible dropout value. 

Power linear regulators are not the only circuits that 


can benefit from the above techniques. Fig 7’s preregu¬ 
lated micropower linear regulator features excellent 
efficiency and low noise. A drop at the preregulator’s 
output—pin 3 of the LT1020 regulator—causes the 
LT1020’s comparator to go high. This transition 
switches the 74C04 inverter chain and biases the p- 
channel MOSFET on, thus allowing current to flow 
through the inductor. When the voltage at the junction 
of the inductor and the 220-|jlF capacitor gets high 
enough, the comparator output goes low and turns off 
the MOSFET’s current flow. This loop action regulates 
the LT1020’s input pin at a value established by the 



Fig B—To achieve highly efficient linear regulation, this circuit combines a preregulator with a low-dropout regulator design. The circuit’s 
efficiency is 86% for lA outputs and 76% at full load. 
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The on-impedance limitations of regulator 
pass elements determine dropout-voltage 
fipures. 
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Fig 7—High efficiency and low noise are key features of this micropower regulator circuit Despite its low, lt.0-\xA quiescent current drain, 
the circuit can achieve efficiencies exceeding 80%. 


resistor divider at the comparator's inverting input 
and the LT1020's 2.5V reference. The 680-pF capacitor 
stabilizes the loop and the 1N5817 serves as a catch 
diode. The 270-pF capacitor facilitates comparator 
switching, and the HP5082-2810 diode prevents nega¬ 
tive overdrives. The low-dropout LT1020 linear regula¬ 
tor smoothes the switched output signal. The output 
voltage is set by the resistive divider on pin 11. 

Start-up poses a potential problem for this circuit. 
Although the preregulator supplies the input for the 
LT1020, the preregulator relies on the LT1020's inter¬ 
nal comparator to function properly. As a result, the 
circuit requires a start-up mechanism. The 74C04 in¬ 
verter chain provides one. When you apply power, the 
LT1020 sees no input but the inverters do. The 220-kft 
resistive path lifts the input of the first inverter high, 
thus causing the third inverter to turn on the MOSFET 
to start the circuit. The inverter^s rail-to-rail swing 
also provides good MOSFET grid drive. The circuit 
in Fig 7 has a quiescent current level of only 40 jjlA 
and achieves efficiencies in excess of 80% at output 
levels as high as 50 mA. EDN 
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